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ABSTRACT 
Our work addresses a novel biocompatible plasmon-enhanced nanostructure 
approach based on the combination of metal nanoparticles, light emitting polymer-based 
nanostructures, and scalable cellulose nanofiber templates via a one-step facile 
electrospinning process that can easily be applied to biomedical devices. In collaboration 
with the Team of Prof. Lee Goldstein in the Boston University medical campus, we 
demonstrated light emission from small-size (below 200nm) polymer nanoparticles 
coupled to plasmonic nanoparticles and to light-emitting biocompatible molecules. In order 
to fully demonstrate the potential of our novel plasmonic nanostructures we developed 
Magnetic resonance imaging (MRI) reagent doped Polycaprolactone (Core)-Polyethylene 
glycol (shell) core-shell nanoparticles and studied their size distribution and dispersion 
properties in a phosphate buffered saline solution. Our materials were optimized in order 
to obtain no aggregation of the nanoparticles in solution. The presence of MRI reagent in 
nanoparticles were demonstrated via Inversion Recovery Sequences (IR) by characterizing 
the different T1 relaxation times. The concentration of Gd in the nanoparticles dispersion 
was estimated with different dilution of Gd commercial reagent as a reference.  
  viii 
In addition, we combined facile electrospinning fabrication with top down nano-
deposition and demonstrated a novel and scalable plasmonic resonant medium for rapid 
and reliable Raman scattering sensing of molecular monolayers and bacteria.  Specifically, 
aided by PCA multivariate data analysis techniques, we demonstrated fingerprinting 
Surface Enhanced Raman Scattering (SERS) spectra of different bacteria strains (E. Coli 
K12, E. coli BL21 (DE3) and E. coli DH 5α) entrapped in our novel plasmonic networks.  
Finally, in this thesis we have also addressed the development of novel, Si-
compatible and largely tunable plasmonic materials for biosensing applications in the mid-
infrared spectral range and developed a novel type of transparent conductive oxide based 
on the Indium Silicon Oxide (ISO) material (Indium Silicon Oxide) that features enhanced 
surface smoothness and thermal stability compared to Indium tin oxide (ITO) and Titanium 
nitride (TiN) alternative plasmonic materials. In collaboration with our collaborators at 
Columbia University, we demonstrated the tunability of near-field plasmonic resonances 
from 1.8 to 5.0 µm as a function of different annealing temperature. This work provides an 
enabling first-step towards the development of novel Si-compatible materials with tunable 
plasmon resonances for metamaterials and sensing devices that operate across the infrared 
spectrum.  
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Chapter 1 
1. General Introduction 
1.1 State of Problem 
Plasmonics materials have attracted much attention in the recent decades based on 
the unique optical phenomena arising from the interaction between an electromagnetic 
wave and conduction electrons bound at metal-dielectric interfaces. 1-18 When a plasmonic 
particle is exposed to incoming radiation, the oscillating electromagnetic field of light leads 
to a collective coherent oscillation of free electrons (conduction band electrons) strongly 
localized at the surface of the particle. The separation of charges caused by the electron 
oscillation forms a dipole oscillation along the direction of the electric field of the light 
(Figure 1.1). The amplitude of the oscillation reaches a maximum at a specific frequency, 
called surface plasmon resonance (SPR) frequency. 19,20 The SPR induces a strong 
scattering and absorption of the incident light especially for plasmonic nanoparticles 
(Noble metal Au and Ag).  The quality factor and wavelength of SPR are depending on the 
charge density and are affected by the metal type, particles size, shape, structure, 
composition and the dielectric constants of the surrounding medium. 21-23 Confining light 
with relatively large free-space wavelength to the nanometer scale, plasmonic materials 
encompass a large variety of applications including waveguides, fluorescence and SERS 
sensors, sub-wavelength apertures and single-particle sensors. 21-23 
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Figure 1.1: Diagram of a localized surface plasmon 20 
    
In particular, the intelligent use of plasmonic nanomaterials leads to enhanced 
performances with increased sensitivities and stability in the bioimaging reagents or 
biosensing devices as shown in Figure 1.2. 24-25 These exciting opportunities are enabled 
by the fabrication of multi-functional plasmonic nanostructures that provide attractive 
plasmonic properties and novel functionalities in magnetism, photoluminescence, bio-
imaging and photo-electrocatalysis. 27 However, few of the reported plasmonic structures 
can be integrated with biomedical devices within a scalable cost effective approach. The 
development of biosensors and optical bioimaging requires a facile and cost effective 
miniature approach of the plasmonic structure to the nanoscale with great flexibility and 
compatibility. These requirements are especially important for the diagnosis of diseases 
and therapeutic agents targeting applications. 26 Our approach leverages on the 
electrospronning functional nanostructure to provide a convenient solution. Before 
presenting the result of our research, we will introduce the electrospinning technique and 
its engineering applications. 
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Figure 1.2: Demonstration of Plasmonic application in the bioimaging and biosensing(a) Example 
of experimental set-up for performing SERS on the field. (b) Top panel shows the watercolor as it 
appears today. The bottom panel is a digital rendering of how the painting most likely appeared 
just after its completion, taking into account which colorants remain on the artwork, as determined 
using SERS. (c)  Photographs showing a laser beam focusing on the tumor site or on the anatomical 
location of liver (d) Schematic of a plasmonic random laser on the optical fiber facet. left bot: 
Optical micrograph of the front view of the random laser on the optical fiber facet. Right bot: 
Optical micrograph of the side view of the random laser on the optical fiber facet. The scale bars 
represent 200 nm. (e) Pseudocolor image of murine liver tissue based on Raman spectra. All scale 
bars are 20 μm. Bottom: single pixel spectra from different histological features. 26 
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1.2 Motivation and Objective 
Electrospinning is a low-cost, facile nanofabrication technology which has been 
extensively explored in the last few decades. 28-31 The electrospun polymer nanofibers are 
usually collected as non-woven mats (i.e. random network), which have already been 
applied in a variety of applications such as reinforcement of composite materials, 
ultrafiltration, tissue engineering, catalysis, solar cells, sensors, batteries, and many other 
types of devices. 33,34   Compared to other materials such as ceramics and carbons 32, 
polymer nanofibers prepared by electrospinning are cheap, flexible, and bio-compatible 
platforms for manipulating light at the nanoscale for nanophotonic and biophotonic 
applications. 35,36 For instance, conductive polymers such as MEH-PPV, poly (3-hexyl 
thiophene) 37, and polyacetylene derivatives 38 have been fabricated into nanofibers to study 
their photo and electro-luminescence performances. By doping with fluorescent reagent or 
semiconductor quantum dots, light emitting nanofibers from non-conjugated polymers 
were also developed. Wave guiding effects were also observed in individual electrospun 
polymer fibers incorporated with semiconductor quantum dots. Surface grated single 
electrospun polymer nanofibers by room-temperature nanoimprint lithography were 
studied for wave guiding performances with emission tenability 39.  Micron-scale and 
multilayered architectures were achieved by directly applying photolithography onto 
electrospun films. 39 Large scale synthesis of flexible free-standing Ag nanoparticles doped 
electrospun nanofibers were demonstrated as a SERS substrate with high Sensitivity. 39 
However, nearly no reports are focused on the fully biocompatible plasmon-enhanced 
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photoluminescence system within polymer nanofibers which is crucial for in-vivo 
bioimaging or biosensing applications. 
 
Figure 1.3: Current functional nanofibers for different type of application 39 
 
Our work addresses this important need by demonstrating a novel biocompatible 
plasmon-enhanced nanostructure approach based on the combination of metal 
nanoparticles, light emitting polymer-based nanostructures, and scalable cellulose 
nanofiber templates via a one-step facile electrospinning process that can easily be applied 
to biomedical devices. Comparing to flat film morphology, light is scattered more strongly 
with a longer propagation path within nanofiber random network. Moreover, the light 
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scattering efficiency is further enhanced by embedding plasmonic particles in the 
nanofibers. Following this approach, we recently demonstrated plasmon-enhanced 
photoluminescence of Si nanocrystals embedded in nanoscale fibers and enhanced random 
lasing by doping cellulose fibers with metal nanoparticles of different sizes, which hold the 
potential for in-vivo bio-imaging applications. In order to develop these plasmon-enhanced 
systems within the electrospun/electrosprayed nanostructures, we systematically study the 
electrospray/electrospinning parameter effect to the morphology and optical properties of 
nanofibers or nanoparticles incorporated in plasmonic active media.  
 
Figure 1.4: The overview of my work that will be undertaken by electrospinning/electrospray in 
this thesis work. 
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In collaboration with the Prof. Lee Goldstein’s group at Boston University medical 
campus, we demonstrated light emission from small-size (below 200 nm) polymer 
nanoparticles coupled to plasmonic nanoparticles and to light-emitting biocompatible 
molecules. This approach bears a great potential for in-vivo applications to optical brain 
imaging and detection for Traumatic Brain Injury (TBI) using biodegradable and 
biocompatible materials. TBI and its sequel result in a major cause of disability and death 
worldwide as shown in the Figure 1.5. The early detection of TBI is important because the 
outcome of the severe injury not only depend on the primary damage but also on a 
multitude of secondary insults.41. In order to fully demonstrate the potential of our novel 
plasmonic nanostructures we developed magnetic resonance imaging (MRI) reagent 
Gadolinium (Gd) doped Polycaprolactone (Core)- Polyethylene glycol (shell) core-shell 
nanoparticles of controlled size (100 nm-200 nm) and engineered their size dispersion 
properties in a Phosphate buffered saline (PBS) solution (PH=7.4). Our materials were 
optimized in order to obtain no aggregation of the nanoparticles in PBS solution as 
confirmed by dynamic light scattering (DLS) experiments. The presence of Gd in 
nanoparticles was demonstrated via Inversion Recovery Sequences (IR) by characterizing 
the different T1 relaxation times. The concentration of Gd in the nanoparticles dispersion 
was estimated with different dilution of Gd commercial reagent as a reference. This thesis 
work sets the foundation for the design and optimization of a novel class of plasmonic 
active systems based on electrospinning of nanostructures that are fully compatible with 
biomaterials.  
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Figure 1.5: (a) photography of brain after TBI (b) different causes of TBI (c) different EB infusion 
after TBI with different times (d) Magnetic resonance imaging (MRI) image of brain after TBI. (d) 
Evan’s blue infusion shows the bloodstream leakage. (f) A patient with TBI and under IV 
injection.41 
 
Future study will be focusing on increasing the doping level and concentration of 
active Gd doped nanoparticles and on the incorporation of EB dyes and Au NPs. Dark-
field microscopy, Fluorescence imaging will be applied to image the active nanoparticles 
in the vessel with minimized interference of tissue scattering within the near-infrared (NIR) 
window from 650 to 1350 nm. Furthermore, in conventional dark-field microscopy, the 
light from the specimen is selectively collected by blocking the excitation light to increase 
the contrast, which enables the visualization of sub-wavelength structures. 40 However, this 
technique is limited to 2D images. To address the problem, MRI can be further 
incorporated in our system to provide effective visualization of the spatially localized 
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nanoparticles within certain depth of the brain tissue. Combined with MRI ability, our 
light-emitting nanoparticles platform permits a determination of the global extent of 
vascular leakage and traumatic brain injury (TBI) detection which is essential for guiding 
early stage treatment for sequelae.    
This experimental work performed in this thesis was conducted in Prof. Luca Dal 
Negro’s laboratory and in our collaboration with Prof. Björn Reinhard’s laboratory. All the 
design, fabrication, and characterization work was performed in Prof. Dal Negro lab except 
for the random lasing experiments that were performed in Prof. Hui Cao’s group at Yale 
University. The developed sample will be further investigated on the MRI performance 
and optical property in-vitro and in-vivo for the TBI imaging in collaboration with Prof. 
Lee Goldstein at the Boston University Medical Campus. Central to this thesis work is the 
experimental study of light-matter interaction in complex random environments and the 
development of efficient multifunction plasmon-enhanced systems that form a 
biocompatible nanomatrix for TBI detection.  
In addition to optical bioimaging, we combined electrospinning fabrication with 
top down nano deposition and we were able to fabricate Ag cylindrical nanotrough 
networks (CNNs) based on environmentally friendly cellulose nanofiber templates. The 
plasmonic resonances of fabricated materials were systematically controlled by the Ag 
cylindrical nanotrough diameters and showed a great potential for surface enhanced Raman 
scattering (SERS) biosensing applications. We optimized a novel and scalable plasmonic 
resonant medium and demonstrated reproducible Raman scattering spectra from molecular 
monolayer and single bacteria. Specifically, aided by Principle component (PCA) 
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multivariate data analysis techniques, we demonstrate fingerprinting like SERS spectra of 
different bacteria strains (E. Coli K12, E. coli BL21(DE3) and E. coli DH 5α) entrapped in 
our nanotrough network. Our experimental results demonstrated unambiguous 
spectroscopic discrimination between different bacteria strains based on large number of 
measured bacterial spectra. This approach offers significant advantages in SERS detection, 
including improved versatility, cost effectiveness, specificity, and scalability that are all 
key features for bacterial diagnostics compared to alternative SERS substrates 
technologies. Moreover, in collaboration with Prof. Shelley D. Minteer’s group at Utah 
University, the Au cylindrical nanotrough networks where applied to plasmon-enhanced 
eletrocatalysis where we demonstrated reduced passivation and enhanced catalytic 
performances. 
Although noble metals (Au and Ag) are often used to achieve proof-of-concept 
nanostructures for potential applications to biosensing and electrocatalysis, they are greatly 
limited in integration with traditional optical devices due to the presence of large extinction 
losses and the lack of compatibility with Si-based processing. In this thesis we also 
addressed the development of novel, Si-compatible and largely tunable plasmonic 
materials for biosensing applications in the near and mid-infrared spectral range. In 
particular, we developed a novel type of transparent conductive oxide material based on 
the ISO material (Indium Silicon Oxide) that features enhanced surface smoothness and 
thermal stability compared to Indium Tin Oxide (ITO) and Titanium Nitride (TiN) 
alternative plasmonic materials. In addition, we demonstrate the tunable optical properties 
of ISO thin films in the near and mid-infrared spectral range that are controlled by thermal 
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annealing in nitrogen-rich environment. In collaboration with our collaborators at 
Columbia University, we demonstrate the tunability of near and mid-field plasmonic 
resonances from 1.8 to 5.0 µm as a function of different annealing temperature. Future 
work based on this materials platform will address the fabrication and characterization of 
2D arrays composed of ISO micro-disks in order to explore the large near-field 
enhancement and tunability of plasmon resonances for biosensing in the IR region. The 
work reported in this Thesis provides an enabling first-step towards the development of 
novel Si-compatible materials with tunable plasmon resonances for metamaterials and 
sensing devices that operate across the infrared spectrum.  
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Chapter 2 
2. Electrospinning and Electrospray technology 
2.1 Introduction to electrospinning 
Electrospinning is a facile and effective nanofabrication method capable of 
generating nanofibers or nanoparticles. This process is also named electrospray when 
producing the nanoparticles. 42  It was first introduced by Formhals in 1934. 42 In the general 
procedure for electrospinning, a high voltage is applied between metallic capillaries 
connected to a container filled with precursor solution of suitable viscosity, conductivity 
and surface tension. During this process, the polymer solution becomes electrically 
charged, allowing the production of fibers with diameters ranging from a few nanometers 
to micrometers. Figure 2.1 illustrates the schematic of the electrospinning setup. The 
electrospinning is composed of a syringe or pipette partially filled with a polymer solution, 
a grounded conductive collecting plate, and a high voltage source. In the electrospinning 
process, a syringe pump can be used for controlling the flow rate of polymer solution, 
which is feeding continuously to the needle. The as-spun fibers are usually collected as 
nonwoven mats due to bending instability of the highly charged jet. Besides that, a well 
aligned uniaxial structure in a large area has also been demonstrated when using special 
collectors like a rotating drum or the parallel metal frame (Figure 2.1b). This can allow the 
fibers to be transferred to other substrates for device fabrication. In addition, they can be 
stacked layer by layer to form a multilayer structure with fibers oriented in different 
directions, which is shown in the Figure 2.1c. Single nanowire based devices have been 
developed by depositing one fiber connected between a void gap or patterned electrode. A 
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variety of materials such as polymers, ceramics, carbons, and composites are capable of 
forming uniform fibers via electrospinning. 43  
 
 
Figure 2.1: (a) Schematic image of the electrospinning set up comprise of syringe pump, high 
voltage and collector. (b) Well aligned electrospun fibers between two parallel metal frames. (c) 
Multilayer structure with fibers oriented perpendicular. (d) Single nanowire fibers between a void 
gap. (d) Electrospun nonwoven mats 43 
 
The electric field necessary for fiber fabrication is generated by placing one 
electrode on the needle of the Syringe and attaching the other to the grounded collector. 
Because of the influence of a sturdy electrostatic field, charges are induced in the on the 
surface of solution fluid which is held by the surface tension. Mutual charge repulsion and 
the contraction of the surface charges to the counter electrode results in a force directly 
opposite to the surface tension. As the intensity of electric field is increased, the 
hemispherical surface of the fluid is stretched and forms a conical shape known as the 
Taylor cone. When the electrostatic force overcomes the surface tension with increasing of 
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the electric filed intensity, the charged jet of fluid will generate from the tip of the Taylor 
cone. The following expression, derived by Taylor, expresses the critical voltage where the 
conical shape of the drop is preserved and in equilibrium.  
  
The critical voltage (Vc) is a function of the distance between the collector and the tip of 
the pipette (H), the length of capillary tube (L), the radius of pipette (R), and the surface 
tension of the solution (γ). 44 
 
 
Figure 2.2: Schematic diagram of the comparison between electrospinning and electrospray 
processes. 44 
 
 The discharged polymer solution jet, being attracted the collector, undergoes an 
instability whipping process, which renders the jet to become thinner and longer. 
 (2.1) 
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Meanwhile, the solvent evaporates, leaving charged polymer fibers before getting 
neutralized at the grounded collector. If the applied voltage is not above the critical value, 
instability occurs which cause the jet to break up in to droplets. This phenomenon is known 
as Rayleigh instability, which will generate micro or nanoparticles instead of nanofibers. 
 
2.2 Electrospinning parameter effect  
There are several factors that influence the electrospinning process which can be 
classified as electrospinning parameters, solution, and environmental parameters. The 
electrospinning parameters include the applied electric field, distance between the needle 
and collector, flow rate, and needle diameter. The solution parameters include the solvent, 
polymer concentration, viscosity, and solution surface tension and conductivity. The 
environmental parameters include relativity humidity and temperature. These parameters 
will directly affect the generation of electrospun fiber or electrosprayed nanoparticles with 
controlled diameter and morphology. Therefore, an exhaustive understanding of these 
governing parameter is crucial for engineering the nanofibers’ and nanoparticles’ 
morphology. 45 
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Applied Voltage 
 
Figure 2.3: (a-c) Digital images showing the three-stage deformation of the polyvinylpyrrolidone 
droplet under the influence of increasing electric field. The cartoon (d-f) shows the mechanism of 
the effect of charges on the polymeric droplets. The application of high voltage to the polymer 
solution held by its surface tension creates a charge on the surface of the liquid. Reciprocated charge 
repulsion and the contraction of the surface charges to the counter electrode cause a force directly 
opposite to the surface tension. As the intensity of the electric field is increased, the hemispherical 
drop formed at tip of the needle tip gets converted into conical shape. 45 
 
Generally, it is a known fact that the electrostatic force will cause a spherical droplet 
to deform into a Taylor cone and form ultrafine nanofibers at a critical voltage. (Figure 2.3) 
44,45 This critical value of applied voltage varies from polymer to polymer. The formation 
of smaller-diameter nanofibers with an increase in the applied voltage is attributed to the 
stretching of the polymer solution in correlation with the charge repulsion within the 
polymer jet. An increase in the applied voltage beyond a certain value will result in the 
formation of defects or beaded nanofibers. This phenomenon is attributed to the decrease 
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in the size of the Taylor cone and increase in the jet velocity for the same flow rate. Deitzel 
et al. 47 reported a rougher nanofibers formation with defects and beads after applying an 
increase in the applied voltage using poly (ethylene oxide) (PEO)/water. 47 Similar results 
were also reported by Meechaisue et al. and Zong et al. 48 According to the previous 
research, the increase of voltage can not only create nanofibers with larger diameter but 
also nanofibers with smaller diameter depending on the synergic effects of mass of polymer 
fed out from the tip of the needle, the elongation level of the jet by electrical force, and the 
morphology of the jet. Too high a voltage is not favorable because of the formation of 
multiple jets, which produces smaller and non-uniform electrospun fiber diameters. 
 
 
Figure 2.4: (a) Area density of bead defects in electrospun fiber textiles as a function of the 
electrospinning voltage under which they were produced. 47 (b) Relationship between voltage and 
PVDF fiber diameter.  48 
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Effect of Flow rate 
The flow of the polymeric solution through the metallic needle tip determines the 
morphology of the electrospun nanofibers. For example, uniform beadless electrospun 
nanofibers can be prepared via a critical flow rate for a polymeric solution. Figure 2.3. 49 
provides digital images showing the three-stage deformation of a polyvinylpyrrolidone 
droplet under the influence of increasing electric field. The mechanism of the effect of 
charges on the polymeric droplets is shown in Figure 2.3. The application of high voltage 
to the polymer solution held by its surface tension creates a charge on the surface of the 
liquid. Charge repulsion and the contraction between surface charges and counter electrode 
leads to a force directly opposite to the surface tension. As the intensity of the electric field 
is increased, the hemispherical drop formed at tip of the needle tip gets converted into 
conical shape. Increasing of flow rate will lead to the increase of the pore size and fiber 
diameter. Once the flow rate is raised beyond a critical value, it will also result in bead 
formation due to incomplete drying of the nanofiber jet during the flight between the needle 
tip and metallic collector. Therefore, a critical flow rate is preferred to establish a balance 
between the leaving polymeric solution and its replacement by the feeding solution during 
the jet formation as shown in the figure 2.5a. It will form a stable jet cone with minimum 
of receded jet. In addition to bead formation, at an elevated flow rate ribbon-like defects 
and unspun droplets (Fig. 2.5f) have also been reported in some cases. This was mainly 
due to the uncompleted evaporation of the solvent and low stretching of the solution in the 
flight between the needle and metallic collector. The increase in diameter of nanofibers 
was also observed with an increase in the flow rate. Another important factor that may 
  
19 
cause defects in the nanofiber structure is the surface charge density, which can further 
affect the morphology of the nanofiber. For example, in the case of PEO, Reneker et al. 50 
observed that an increase in the flow rate simultaneously increased the electric current and 
decreased the surface charge density. A reduction in the surface charge density will 
introduce the merging of electrospun nanofibers during their flight toward the collector, 
facilitating the formation of garlands.  
 
Figure 2.5: Formation of various jets with increasing flow rate (Shamim et al., 2012) of nylon 6. 
The SEM image shows wide range diameter of nanofiber (f), and the digital images show solution 
drop (g) and electrospun fibers of chitosan deposited on aluminum foil (h). 49 
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Effect of needle to collector distance  
The nanofiber morphology can be affected by the distance between the needle and 
collector depending on the combination effect of deposition time, evaporation rate and 
whipping or instability interval. A minimum distance is required to maintain to form 
smooth and uniform electrospun nanofibers. Based on reported research articles, the 
diameter of the nanofiber decreased as the increasing of the distance. 51 
 
Effects of polymer concentration, viscosity and surface tension 
Since the electrospun nanofibers are formed due to the uniaxial stretching of the 
charged jet, the process is significantly affected by changing the viscosity or concentration 
of the polymeric solution. If the concentration or viscosity of polymer solution is low, the 
entangled polymer chains will break into fragments under the applied electric field and 
surface tension inducing the beads or beaded nanofibers. 52 In the contrary, uniform 
nanofiber without any beads will form with higher viscosity or concentration of the 
polymeric solution due to larger amounts of chain entanglement among the polymer chains. 
However, increasing the concentration beyond a certain value will hinder the flow of the 
solution through the needle tip due to fast drying and will ultimately result in defective 
nanofibers. The morphologies of the beads also showed a shape change from a round shape 
to a stretched droplet to fibers as the solution viscosity increases as shown in the figure 2.6. 
Furthermore, the viscosity and concentration also affect the diameter of nanofiber, which 
is the most essential parameter of electrospinning morphology. A higher viscosity will 
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result in a larger fiber diameter, meanwhile the viscosity is proportional to the polymer 
concentration. Thus, the polymer nanofiber diameter will increase with the increasing of 
the concentration of the solution. According to the report from Deitzel et al 47 and others, 
the fiber diameter increased with increasing polymer concentration according to a power 
law relationship.  
 
Figure 2.6: Variation in morphology of electrospun nanofibers of PEO with viscosity: (a–d) 
schematic and (e–h) SEM micrographs. 52 
 
The differences in exponential power dependence varies for the polymer system. 
Demir et al. 53 Further, it has been found that the fiber diameter was proportional to the 
cube of the polymer concentration. In highly concentrated solutions, a secondary 
population of fibers may be generated in addition to the primary population once the 
solution concentration exceeds a certain critical value as shown in Figure 2.7. Surface 
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tension is dominant with decreased polymer concentration and solution viscosity, and 
consequently produces beaded fibers. Doshi and Reneker 54 pointed out that by decreasing 
the surface tension of polymer solution, beads formation was effectively reduced.  
 
Figure 2.7: (a) Average fiber diameter as a function of PEO solution concentration. Primary 
distribution represented by circles, secondary distribution represented by squares. (b) Dependence 
of solution surface tension (squares) and solution viscosity (diamonds) as a function of 
concentration for PEO/water solutions. 47,53 
 
Effect of solution conductivity 
Solution conductivity is the primary factor that affects the Taylor cone formation 
and is related to the diameter of the resultant nanofibers. Since the formation of the Taylor 
cone is governed largely by the electrostatic force of the surface charges created by the 
applied external electric field, the conductivity also affects the Taylor cone formation. For 
example, an ideally insulating polymer solution will not have enough charges in the 
solution to move onto the surface of the fluid, hence, the electrostatic force will be 
insufficient to form a Taylor cone and initiate electrospinning process. 55 In contrast, a 
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conductive polymer solution will have sufficient free charges to move onto the surface of 
the fluid, and form a Taylor cone and initialize the electrospinning process. Furthermore, 
increasing the conductivity of the solution will not only increase the charge on the surface 
of the droplet to form Taylor cone but also cause decrease in the fiber diameter. The 
conductivity of a polymer solution can be controlled by the addition of an appropriate salt 
to the solution. Zong et al. 48 investigated this phenomenon by mixing different salts into 
polymer solutions. The addition of salts causes a higher charge density on the surface of 
the ejected jet during spinning, thus more electric charges are carried by the electrospinning 
jet. Resulting from the strong of Coulomb and electrostatic forces, the elongating and 
thinning of the straight jet portion can draw the fluid jet into the nanoscale. Overall, the 
higher charge mobility of polymer solution introduces an increased elongation forces on 
the polymer jet creating a smaller fiber as shown in figure 2.8. 
 
Figure 2.8: Right: Solution conductivity effects on the diameter of the electrospun P(LLA-CL) 
(70/30 wt%) fibers. left: Processing map obtained based on the systematic parameter study: (a) jet 
elongation/an electrical force (affected by electrical conductivity of solvents, applied voltage), (b) 
mass of polymer (affected by polymer concentration, applied voltage, volume feed rate). 56,57 
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Role of solvent in electrospinning 
The solvent is one of the crucial factors for the formation of smooth and beadless 
electrospun nanofiber. Generally, the polymers need to be completely soluble in the solvent 
with a moderate boiling point. It is usually encouraged to use volatile solvents with low 
boiling point which renders an easy evaporation of the solvent from the nanofibers during 
their flight from needle tip to collector. However, highly volatile solvent will cause the 
drying of jet at the needle tip due to the high evaporation rate. It will block the needle tip 
and hence hinder the electrospinning process. Moreover, the rapid evaporation will also 
lead the formation of ribbon like flat nanofibers due to branching and local stretching of 
the charged jet.58 Similarly, less volatile solvents are also not preferred because their high 
boiling points prevent their drying during the nanofiber jet flight. The deposition of 
solvent-containing nanofibers on the collector will result in beaded nanofibers.  
Furthermore, highly porous nanofibers are achievable by dissolving polymer in two 
solvents: one of the solvents will act as a non-solvent. The different evaporation rates of 
the solvent and non-solvent will lead to phase separation which can render the highly 
porous electrospun nanofibers.  
 
 Effect of humidity and temperature  
Beside the electrospinning and solution parameters, recently it has been reported 
that environmental factors such as relative humidity and temperature also have an effect 
on the diameter and morphology of the nanofibers. Humidity can tune nanofibers diameter 
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by changing the solidification process of the charged jet, which relies on the chemical 
nature of the polymer. Pelipenko et al. 59 observed that the diameter of the nanofibers 
decreased from 667 nm to 161 nm (PVA) and from 252 nm to 75 nm (PEO) with increase 
in humidity from 4% to 60%. Further increase in humidity results in beaded fibers for some 
types of polymers. Temperature will lead to a decrease in average diameter of nanofibers 
resulting from two effects: an increase in the rate of evaporation and a decrease the 
viscosity of the solution. 60 
 
2.3 Fiber Alignment and Collection Methods 
It has been determined that the collector significantly influences the morphological 
and physical properties of spun fibers. The degree of charge dissipation upon fiber 
deposition affects the density of the fibers per unit area on the collector and the fiber 
arrangement. Randomly oriented and aligned fibers can be formed using a stationary and 
rotating disc collector, respectively. In several applications, it is desirable to develop an 
aligned fibrous mat. 61    Rotating drum collector or rotating disk collector with optimized 
take-up velocity (TUV) is commonly used to collect aligned fibers. 61   
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Figure 2.9: Sketches of the main possible geometries of electrospinning collectors. 61 
 
Static parallel electrodes were generally applied for the advantage of simple setup 
and ease of collecting single fibers and aligned fibers array for mechanical testing. By this 
method, two nonconductive strips are positioned along a straight line and an aluminum foil 
is placed on each of the strips and connected to the ground. 61 An electrostatic repulsion 
between the spun fibers is caused by the air gap between the electrodes, assisting in the 
alignment of the fibers. We also studied the collector effect to the alignment of different 
size of nanofibers by using micro or nano pillar array fabricated with e-beam lithography 
or photolithography as collector, as shown in the figure 2.10. Instead of forming a non-
woven film, nanofibers with different dimension were selectively aligned on the pillars of 
different sizes. Different helical perversion structures with varying dimensions were also 
observed in the electrospinning process.  
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Figure 2.10. (a) nanopillar array (Diameter=100 nm H =1 µm Separation=1 µm) was used as 
collector, only small nanofibers aligned on the top of pillar (d) Helical structure formed on the two 
nearby nanopillar (g) nanofiber coiled after broken (b) Nanofiber attached on the parallel silicon 
wafer, (c) micro size pattern fabricated by Photolithography was applied as collector (e) Nanofibers 
aligned on the nearby micro pillars. (c,f, i) Different dimension of HPC nanofibers perversion was 
achieved in the electrospinning. 
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2.4 Single fluid Electrospray 
Electrospraying is a process of simultaneous droplet generation and charging by 
means of electric field. In the same set up of electrospinning, after jet initiation, the cone 
shape cannot be maintained if the flow of solution to the capillary tip does not match the 
rate at which solution is being removed by the jet. 62 It generally happens if the viscosity or 
concentration is lower than a critical value. As a result, the jet will deform and disrupt into 
droplets of a charge magnitude close to one half of the Rayleigh limit, due to electrical 
force. The charge and size of the droplet can be easily controlled to some extent by 
adjusting the flow rate and voltage applied to the nozzle. It will finally result micro or nano 
scale particles which have been widely used for many industries because of their broad 
range of applications such as painting, microencapsulation, electroemulsification, fine 
powder production, and micro and nano thin film deposition prepared from solutions or 
colloidal suspensions.63 Compared with conventional mechanical spray systems, the 
electrospray has several advantages such as simple and cost-effective fabrication, it is a 
surfactant free process, and it requires less solvent with little residue (Table 2.1) Therefore, 
a large amount of efforts has been made to understand and control the process, due to their 
great commercial and scientific interest. 64,65 
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Table 2.1 Comparison between conventional nanoparticle fabrication and electrospray. 64 
 
It is difficult to theoretically determine the size of the droplets produced by 
electrospraying. The mechanism of electrospray is simply based on the competition of 
deformation of charged droplet driven by the electrostatic force (coulomb force) and 
cohesion force resulting from the surface tension. When the coulomb force generated by 
the electric field exceeds the cohesive force of the droplet, the surface tension will be 
released the droplet and formed droplets with different scale depending on the parameters.  
The Rayleigh limit LR is used to define the droplet formation when surface tension of the 
drop is overtaken by the electrostatic forces.  
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equation 2.2 defines LR where q is charge on the droplet surface, ε is the permittivity of the 
surrounding medium, γ is the surface tension of the fluid, and R is the radius of the droplet. 
When a dc voltage applied on the nozzle, the mean diameter of the droplets was 
experimentally predicted by Hagiwara with equation 2.3. 66 
                                                                                                                            
where ηl is the liquid viscosity, and γl is its conductivity. Ogata et al. 66,67 demonstrate the 
following equation 2.3 for mean diameter of cone-jet mode generated droplets: 
                                                                                                             
where Dc is the outer diameter of the capillary. The following dimensionless numbers 
(equations 2.5 to 2.8) are used in equation 2.5. 
  
 
 
 (2.2) 
 (2.4) 
 (2.5) 
 (2.6) 
 (2.7) 
 (2.3) 
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where vj is the jet velocity, ηl is the liquid viscosity, σl is the surface tension, εl is the liquid 
permittivity, γl is the liquid conductivity, U is the voltage applied to the nozzle, and h is the 
distance between the capillary outlet and the counter electrode. Equation. 2.4 was 
concluded from experimental results from cone-jet mode electrospray. Tomita et al. 68 
study the droplet scale using the Weber and Reynolds numbers based on the jet diameter: 
       
where 
 
the dimensionless number NQ, which is a ratio of the Coulomb force to the surface tension 
force, equals: 
 
De la Mora and Loscertales69 provide equation for droplet diameter in the cone-jet mode 
electrospraying: 
 
where α is a constant depending on liquid permittivity, and Q is the liquid flow rate. 
Hartman et al. 70, for the cone-jet mode obtained: 
 (2.8) 
 (2.9) 
 (2.11) 
 (2.12) 
 (2.13) 
 (2.10) 
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where ρl is the liquid density. Gañan-Calvo 71 determined theoretically, from the scaling 
laws, the droplet size: 
 
with α=2.9. This equation was confirmed by many experimental results. In summary, all 
the equations have the proportional relationship between the droplet diameter and liquid 
flow rate and inverse proportional to the liquid conductivity.  
It is clear from the large variety of equations for droplet size and frequency of 
generation, in many cases depending on experimental constants, that forming a 
mathematical description of electrospraying is a complex problem. It is observed that an 
interest in industrial and laboratory applications of electrospraying has been growing since 
the last decade. A market fueled by the need of new, more effective techniques of sub 
micrometer droplet production, allowing automatic control the droplet size and charge, and 
frequency of their generation. Likewise, the needs of nanotechnology turned the attention 
towards the electrospraying, which allows generation of droplets smaller than 1 μm with 
scalability. In addition, many new inventions and devices have been developed since then, 
especially in nanotechnology and biotechnology. 73–79 
 
 (2.14) 
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2.5 Micro and nanoparticles production 
 
Figure 2.11: Schematic of an arrangement for production of particles of uniform size 
 
Fine particle in micro or nano scale generation was achieved by solvent evaporation 
from the droplets generated by electrospraying, which has a wide degree of applications 
ranging from pharmaceutical industries, ceramic coatings, and water based paints or toner 
in reproducing systems to production of semi-conductor devices and thin solid film 
deposition. 76 However, the spraying jet is very sensitive to any change in liquid properties, 
hence the droplet size can vary dramatically as a response to parameters such as 
temperature and humidity. This problem can be solved by applying pulsed or ac voltage 
superimposed on a dc bias voltage for the liquid jet excitation. The jets will disintegrate 
  
34 
into a stream of droplets of uniform size with properly tuned frequency. The size of the 
droplets can be controlled by adjusting the bias and ac voltage magnitudes, ac voltage 
frequency, and flow rate of the liquid. The optimized uniformity of droplets by 
synchronous spraying can be achieved when ac and dc voltages are adjusted such that the 
droplets are formed and detached at the voltage peaks. 80 The electrospraying allows the 
fabrication of particles with small size and high monodispersity. The electrospraying 
monodispersity nanoparticles can be useful in various technological processes requiring 
submicrometer solid particles. In recent years, cosmetic or pharmaceutical industries 
opened new applications for electrospraying, demanding fine powders of unchanged 
chemical composition with strict physical properties. 81 
 
2.6 Coaxial electrospray technology 
In the recent years, polymeric micro or nanocapsulation also attract a great interest 
for the application to the biodegradable carriers for controlled delivery for drugs proteins 
and genes. 82 By conjugating with antibodies and peptides, polymeric nanoparticle can be 
utilized for disease detection by targeting the pathogens moieties. Polyethylene glycol 
(PEG) modification has been demonstrated to be able to reduce its immunogenicity and 
prolong its lifetime. Furthermore, the NPs are capable to encapsulate multiple imaging 
agent for versatile contrast enhancement such as ultrasonography, fluorescence imaging, 
photoacoustic imaging and MRI. 82 
Depending on the different applications, several of micro or nanoparticle 
fabrication methods have been broadly investigated in scientific research and industrial 
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production such as nanoprecipitation, emulsion−diffusion, double-emulsification, 
emulsion−concertation, polymer-coating, and layer by layer.  Compared to the other micro 
or nanocapsulation methods, electrospray is advantageous in versatility with high 
encapsulation rate, broad tunability with narrow size distribution, and biocompatibility for 
cells and various biological agents.  
Although coaxial is a promising micro nanoencapsulation technique, it is still in the 
developing stage based on individual process parameters and materials combination, which 
hinder reliable and reproducible fabrication due to lack of a systematic control and effective 
collection method. Especially, most of the conventional ways are very inefficient in 
inducing the shell harden or preventing aggregation, which will affect the final morphology 
of the nanoparticles. Likewise, it is very challenging to apply any process model or 
numerical simulations to direct the coaxial electrospray experiment due to the complicated 
physical nature and the complex interactions of the double layer jets. It is an urgent need 
for theoretical and numerical simulation in the future to have a better understanding and 
systematic guidance for electrospray process.  
Among a variety of process parameters, applied voltage and flow rate has been 
broadly studied for its significant contribution to the droplet size and stability. It has been 
revealed that the electrospray process can be divided into five modes at different voltage: 
dripping mode, coning mode, stable cone-jet mode, and multi-jet mode. After the charged 
solution eject from the nozzle, the jet will break into small droplet under the electrostatic 
force after overcome the hydrothermal forces. The stable cone-jet will only appear at 
certain voltage range, and the size will decrease with increasing applied voltage.  
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In addition to the applied voltage, the inner and the outer flow rates in coaxial 
electrospray also play an important role in cone-jet stability and droplet size.  Marín et al. 
obtained the diameter of the coaxial jets d as a function of the flow rate Q. 82 They found 
that the experimental results fitted in the Q 1/2 law as below:  
 
Chen et al. found that, for the outer driving liquid, the working range of the applied 
voltages could be broadened by increasing the inner flow rate and by decreasing the outer 
flow rate 67. It was also observed that the droplet size decreased as the flow rate decreased, 
which could be explained by less electric force required to overtake the hydrodynamic 
forces at a low flow rate. 82 
 
Figure 2.12: The mode transition in coaxial electrospray as the applied voltage increases. 82 
   
 (2.15) 
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2.7 Characterization  
Scanning electron microscopy (SEM) was used to characterize the morphology of 
electrospinning nanofibers or electrospray nanoparticles. The size distribution of 
nanoparticles in solution was characterized by DLS (Malvern Instrument). It is commonly 
applied for the nanoparticles sizes studies by measuring the fluctuation of scattering light 
of nanoparticles.  Furthermore, the Zeta potential or surface charge of nanoparticles can 
also be detected via electrophoretic light scattering method. Size distribution and zeta 
potential are two significant factors that affect the binding and aggregation after the 
nanoparticles enter human or animal body. 
2.8 Our electrospinning/ electrospray System 
In our work of electrospinning, we select cellulose as biocompatible and cost-
effective matrix for the plasmon-enhanced platform. It is the most abundant biomolecule 
on earth, found in large quantities in all plants. The combination of cellulose with 
electrospinning technology sheds light on the fabrication of this novel biocompatible 
platform using low-cost materials in ambient conditions without harsh chemicals. A special 
cellulose derivative hydroxypropyl cellulose (HPC), dissolved both in water and organic 
solvent, was utilized to create water-based nanofibers by electrospinning. We built the 
electrospinning system in horizontal configuration in our lab, composed of Syringe pump 
(Braintree scientific), High power source (Gamma high voltage), and the metal plate or 
water bath collector (Figure 2.13a). The electrospinning process is kept in a safety cabinet 
to provide relatively stable atmospheric conditions, reducing the interference of air flow 
and fluctuation of temperature and humidity. A humidifier (Bell & Howell), a dehumidifier 
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(Eva-dry), and a thermometer were integrated into the system to monitor and control and 
humidity and temperature. HPC aqueous solution was poured into a 10 ml syringe 
(diameter 18.94 mm). The electrospinning syringe was then mounted to an infusion syringe 
pump with a 20 gauge needle connected to the positive terminal of a high power voltage 
source. The precursor was squeezed out from the needle with a 0.4 mL/h flow rate driven 
by the syringe pump. An 18 kV voltage was applied between the needle and metal plate, 
and the humidity was controlled as 55 % by humidifier. The polymer precursor was ejected 
from the nozzle and then formed nanofibers after solvent evaporation. The charged HPC 
nanofibers were neutralized at the collector (kept 20 cm from the needle). As shown in  
 
Figure 2.13: (a) High Voltage source and the precursor (b) Syringe pump and a plastic box for 
electrospinning. (c) Coaxial electrospray step up with two fluid flowing through independently 
(Inset shows HPC random nanofiber networks) (d) Two parallel metal stick to demonstrate aligned 
single fiber deposition. 
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Different morphologies of HPC nanostructure from nanoparticles to nanofibers 
were achieve by simply tuning the concentration of the precursor. It is shown in the Figure 
2.14, beadless nanofiber geometry was achieved after electrospinning from a 50 wt% and 
60 wt% HPC aqueous solution. While beaded electrospun nanofibers emerged if the 
concentration decease to 30 wt% and pure nanoparticles geometry was achieved when 
using 5 wt% HPC aqueous solution. The bead formation resulted from the elasticity of the 
solution, fluid tended to have more beads when they have a low relaxation time and 
extensional viscosity due to suppression of surface tension by viscoelastic behavior. The 
viscoelasticity of solution can be increased by increasing the concentration of cellulose in 
water, which effectively eliminated the beads formation. Therefore, by tuning the 
concentration of the precursor from 5 wt% to 50 wt%, we can achieve a morphology of 
nanoparticles, nanofibers or the nanofibers with beads, which is of potential interest for the 
study of geometry dependent optical properties after being embedded or coated with 
plasmonic materials.   
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Figure 2.14:  The SEM image of the nanofibers fabricate from the precursor of (a) 5 % HPC (b) 
40 % HPC (c) 50 % HPC (d) 60 % HPC Scale bar 1 μm. 
  
For electrosprayed nanoparticles, FDA approved poly(εcaprolactone) (PCL) was 
chosen for the single fluid electrospray and coaxial electrospray as core component due to 
its biocompatibility and biodegradation ability. Compared to poly (lactic-co-glycolic acid) 
(PLGA) which is the most commonly used polymer in electrospraying, PCL is more cost-
effective (1-1.5 $/g compared to 40-50 $/g for PLGA) with long term degradation. 
However, there are few reports on the PCL electrospraying miro or nanoparticles, 
especially no literature is reported on functional PCL nanoparticles under 500 nm. The 
single fluid electrospray set up is similar as the electrospinning configuration. All the 
electrospray process was placed in a small safety transparent plastic box to provide a stable 
and controlled environment and to prevent individuals from direct contact with high 
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voltage. PCL with Mn of 45000 g/mol was dissolved into the Methanol and Chloroform 
mixture (2:1) to make a 0.5 % store solution and leave it for 5-6 hours to make a 
homogenous precursor solution. The precursor solution was then transferred in to a 5 mL 
glass syringe (Sigma) fitted with 23 gauge needle which is further mounted on the syringe 
pump. A 13 KV voltage was applied between the needle and the collector. Besides using 
aluminum foil, a metal plate filled with ethanol was used for the nanoparticle collection. 
The humidity was control at about 18%- 20 % by the dehumidifier. The PCL precursor was 
ejecting from the nozzle and then broken up, forming multiple droplets. After the solvent 
was completely evaporated, it formed nanoparticles with sizes ranging from about 100 nm 
to over 1 micro meter depending on the parameter. The charged PCL nanoparticles were 
neutralized at the collector (kept 10 cm from the nozzle) as shown in Figure 2.18. It was 
found that we can achieve nanoparticles suspended in the Ethanol (EtOH) or multiple layer 
nanoparticle films with a few hundred nanometer length scale depending on the collector 
and chosen parameters.  
Different morphologies of PCL nanostructure from nanoparticles with fibers to 
nanoparticles with different sizes was determined by electrospray precursor with different 
concentrations. Nanoparticles without fibers were obtained when the concentration was 
lower than 3 wt% due to the low relaxation time and extensional viscosity of suppressed 
surface tension by the viscoelastic behavior. When decreasing of the viscosity with the 
concentration, the smaller nanoparticles tended to form due to less electrostatic force 
available to overcome the surface tension. This observation can be explained by Rayleigh 
limit.66  
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Figure 2.15: Different morphology of PCL nanoparticles electrospray with different precursor 
concentration. The flow rate is 0.4 mL/hr and voltage is 10 KV with distance of 8 cm between 
needle and collector. 
 
We also investigated the collection solvent effect on the morphology of 
electrospray nanoparticles. Since water is conductive solvent, the nanoparticles will 
become neutralized at the surface and form a thin layer of film. It will trigger the 
aggregation and form irregular shapes due to passivation of the surface as shown in Figure 
2.16. As EtOH is a non-conductive solvent, after contacting its surface, the charged 
nanoparticles will continue to submerge until they reach the grounded bottom of the plate. 
After being neutralized at the bottom, the particles will become dispersed in the EtOH 
solution due to the Brownian motion. In order to study the solvent conductivity, different 
ratios of water and ethanol mixture were used as a collection dispersion solution for the 
electrospray PCL nanoparticles.  After electrospraying for 30 min, 100 uL of solution was 
taken out from nanoparticles EtOH dispersion solution and then dispersed on the Al foil. 
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The nanoparticles on the sample were then transfer to the SEM for characterization after 
the solvent fully evaporated. The morphology is shown in figure 2.16, the nanoparticles 
collected by the pure EtOH are more spherical and uniform compared to nanoparticles 
collected in other solution.   
 
Figure 2.16: The electrospray nanoparticles collected with different percent of EtOH in water. The 
voltage is 8KV and distance between the nozzle and collector is 8 cm, (a) 100% EtOH (b) 80 % 
EtOH (c) 50 % EtOH (d) 0 % EtOH 
 
As mentioned in the introduction, a certain applied voltage is required to overcome 
the surface tension of the droplet according to the Rayleigh limit. To maintain the stable 
cone-jet mode, there is usually a certain range for the applied voltage which leads to 
monodisperse particles with better repeatability and reproducibility. If the voltage is too 
low, the solution will be just dripping instead of electrospraying. However, high voltage 
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also will cause problems because of the onset of an unstable jet. It has been shown 
previously that an increase in the applied voltage can result in a decrease in the size of 
nanoparticles. As shown in the figure 2.17, different morphologies of PCL nanoparticles 
were shown at different applied voltages. The flow rate was 0.4 mL/hr and the distance 
between the nozzle and collector was 8 cm. It is shown that the particles sizes decrease 
with increasing voltage from 6 to 10 KV. However, it generated a large amount of non-
spherical shape nanoparticles when the voltage was increase to 15 KV, which is 
corresponding to an unstable jet mode.   
 
Figure 2.17: Different morphology of electrospray PCL nanoparticles fabricated at different voltage 
(a) 6 KV (b) 8 KV (c) 10 KV (d) 15 KV. The distance between nozzle and collector is 8 cm and 
the flow rate is 0.4 mL/hr 
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For the coaxial electrospray set up, instead of using the single needle, the coaxial 
needle consists of an inner needle (26 gauge) and the outer needle (20 gauge). The inner 
fluid and outer fluid was flowed independently from an inner channel and an outer channel 
as shown in the figure 2.18. Base on previous experience, we selected PCL (Mn 45000 
g/mol) as a core material and PEG (Mn 20000 g/mol), another biocompatible polymer, as 
the shell material. PEG is non-ion hydrophilic, and it has been broadly used for the surface 
modification of nanoparticles to prevent aggregation. It can also extend blood circulation 
time by decreasing the uptake of macrophages by the reticuloendothelial system (RES). 
Nanocapsules can be coated with a hydrophilic polymer to allow both inhibition of 
opsonization and enhancement of water solubility. Poly (ethylene glycol) (PEG) is the most 
commonly applied non-ionic hydrophilic polymer with stealth behavior. Furthermore, by 
steric stabilization PEG reduces the tendency of particles to aggregate, thereby producing 
formulations with increased stability during storage and application. 82  
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Figure 2.18: the configuration of coaxial electrospray system 
 
 
2.9 Conclusion 
  A multifunctional electrospinning/electrospray system was built by designing and 
assembling the component in an electrical proof transparent cabinet with humidity and 
temperature monitoring and control incorporated. Nanofiber or nanoparticles with single 
component or binary core-shell structure can be obtained from this system. It is shown in 
the previous research that the structure and morphology of a final product from 
electrospinning or electrospray are determined by a synergetic effect of solution parameters 
and electrostatic forces. These parameters include viscosity, surface tension, concentration, 
and dielectric properties of the spinning solution, and process parameters such as feed rate 
and applied voltage. Our preliminary work demonstrated that the morphology of 
  
47 
electrospinning/electrospray nanostructure can be tuned from nanofiber to nanoparticles 
with beads to nanoparticles depending on the different precursor concentration. The 
increase of applied voltage leads to the decrease of the electrosprayed nanoparticles’ size 
in a certain range. However, it will also result in non-uniform shapes and sizes if the voltage 
is too high, which corresponds to the multi-jet mode.  Ethanol was chosen as the liquid 
bath for collecting the electrospray nanoparticles due to the non-conductive nature and 
resulted in more spherical and smoother nanoparticles.  
It is also worth noticing that the precursor solution of cellulose can form a 
homogeneous solution after being mixed with other active materials like dye molecules, Si 
nanocrystals, or metallic nanoparticles that uniformly distributed inside the nanofibers. 
This unique advantage enables the combination of emitter structures with attractive 
plasmonic materials within the biocompatible cellulose matrix in a very simple and 
approach and paves a route for novel plasmonic systems that we will introduce below. 
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Chapter 3 
3. Plasmon-enhanced Random lasing in active nanofibers  
3.1 Random lasers 
In recent years, fiber-based photonic nanostructures made of organic and inorganic 
materials have attracted an increasing attention due to a number of potential applications 
to light generation, confinement, guiding, and detection.83-87 Among various active 
nanostructures, polymer-based nanofibers are particularly interesting due to their 
mechanical strength, flexibility, and bio-compatibility in combination with cost-effective 
synthesis techniques that do not require hazardous chemicals. 88,89 High-quality nanofibers 
can be obtained from solution-based processing using materials composed of cellulose, 
which is the most abundant biopolymer on Earth and is widely used to produce paper.90 As 
we mentioned in the previous discussion,  light-emitting thick films made of random 
networks of cellulose-based nanofibers doped with Au nanoparticles (NPs) can be 
fabricated from a Hydroxypropyl Cellulose (HPC) aqueous solution by the facile and 
environmentally friendly electrospinning technique.91 The plasmon enhanced scattering 
properties of such systems combined with their three-dimensional random morphology 
provide unique opportunities to engineer multiple light scattering and random lasing using 
biodegradable media.91-93 Random lasers rely on coherent multiple scattering of light in a 
random medium and have attracted a great deal of research efforts in the last decades.94-99  
Parts of this chapter were published as:  
R. Zhang, S. Knitter, S. F. Liew, F. G. Omenetto, B. M. Reinhard, H. Cao, and L. Dal Negro 
Appl. Phys. Lett. 108, 011103 (2016)  
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A typical random laser is composed of dielectric material with refractive index 
fluctuations on the scale of the optical wavelength. Recently, the incorporation of sub-
wavelength metallic nanoparticles in dielectric random lasers has been shown to 
significantly improve the lasing performances and to decrease the threshold due to 
enhanced plasmon scattering. 100-103 Compared to dielectric scatters, metallic particles 
display plasmon enhanced optical cross sections and spectrally tunable scattering 
properties that can be controlled by their shapes and sizes. 104 It has also been recently 
demonstrated that metal NPs can significantly enhance the spontaneous emission rate in a 
gain medium and increase its performances. 105 Although random lasers have been 
developed from a large class of materials such as semiconductor nanoparticles, 96 
polydispersed liquid crystals, 106 polymer thin film, 107 liquid crystal films, 108 and 
suspensions of dielectric particles in laser dyes, 109 random lasing in a random network of 
nanofibers doped with plasmonic nanoparticles has not been demonstrated yet. 
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3.2 Synthesis of Random Lasers based on nanofibers 
 
 
Figure 3.1: Schematic image of electrospinning Au NPs and RHG co-doped nanofibers The 
precursor and the sample on the silicon are also showed in the insets.  
 
Herein, we demonstrate plasmon-enhanced random lasing in nanocomposites of 
highly interconnected random nanofiber networks in collaboration with Professor Hui 
Cao’s group at Yale University. These systems are obtained directly from a light emitting 
HPC water-based solution that contains Au nanoparticles in a Rhodamine 6G (RHG) gain 
medium. We fabricated thick films with variable thicknesses (20 μm-160 μm) composed 
of HPC nanofibers with an average diameter of 260 nm. The optical properties of samples 
with different diameters of Au nanoparticles in the range of 10 nm-80 nm were optically 
characterized using photoluminescence, dark-field spectroscopy, and coherent 
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backscattering (CBS) measurements. The random lasing properties were demonstrated by 
pumping the samples with a ps laser (532 nm, 30 ps) at room temperature. Above a 
pumpthreshold fluence of 4 mJ/cm2, lasing peaks appeared in the emission spectrum as a 
result of coherent amplification in the random fiber network. Our results demonstrate that 
samples doped with Au nanoparticles featuring a plasmon resonance overlapping with the 
RHG emission result in a significant reduction of the random lasing threshold when 
compared to active samples without Au nanoparticles. The RHG doped polymer solution 
was prepared by dissolving HPC in Deionized water mixing with RHG dyes followed by 
stirring for 30 min. The as-prepared solution was kept at room temperature for 4 days in 
order to achieve a homogeneous solution. The concentration of the final mixture was 
controlled at 45 wt. % HPC with 0.8 mg/ml RHG. The plasmonic NPs and RHG co-doped 
polymer precursor were prepared by further adding concentrated Au NPs synthesized by 
the seeded growth method. 110 In Figure 3.2(a), we show several HPC solutions mixed with 
RHG dyes and Au NPs of different sizes (10 nm/40 nm/80 nm). The diameters of Au NPs 
were measured by the dynamic light scattering (DLS) technique (Malvern Instrument) and 
Transmission Electron Microscope (TEM) analysis. The color of the final solution is 
changed from orange to red after mixing with Au NPs and becomes darker with increasing 
size of the Au particles due to the enhanced absorption in the visible range. To create active 
nanofibers by electrospinning, the HPC mixture was poured into a 10ml syringe (diameter 
18.94 mm). The electrospinning syringe was then mounted to an infusion syringe pump 
(Braintree scientific) with a 20-gauge needle connected to the positive terminal of a high 
power voltage source (Gamma high voltage). The precursor (45% HPC) was squeezed out 
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from the needle with 0.4 ml/h flow rate driven by the syringe pump. A 20 kV voltage was 
applied between the needle and metal plate, and the humidity was controlled as 55%. The 
polymer precursor ejected from the nozzle and then formed nanofibers after solvent 
evaporation. The charged HPC nanofibers were neutralized at the collector (kept 20 cm 
from the needle). 
 
Figure 3.2: (a) Au NPs (10/40/80 nm) and RHG doped HPC precursor. (b) SEM and TEM images 
of RHG doped HPC nanofibers. Insets are the TEM image and digit photo of sample. (c) 
Photoluminescence spectrum of RHG doped nanofibers and undoped fibers. Insets are bright field 
image and fluorescence image of RHG doped HPC nanofibers. (d) Dark-field scattering spectrum 
of Au NPs and RHG co-doped HPC nanofibers. Inset is the Δθ of RHG nanofibers doped with 
different sizes of Au NPs.  
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3.3 Dark-field scattering and backscattering characterization 
The morphology of electrospinning nanofibers as observed by scanning electron 
microscopy (SEM) is shown in Figure 3.2(b). The average diameter of nanofibers is around 
260 nm with a standard deviation of 30 nm. The high-resolution TEM image in the inset 
of Figure 17(b) shows that Au nanoparticles are incorporated uniformly within the 
nanofibers without evident aggregation. The density of Au NPs in the precursor solution is 
around 1013 cm3 for all the Au NPs doped samples. The photoluminescence spectra of 
RHG doped HPC nanofibers and undoped samples are shown in Figure 3.2(c), respectively. 
The emission peak around 553 nm corresponds to the RHG gain medium inside the HPC 
nanofibers. A fluorescence image of a representative RHG doped sample, shown in the 
inset of Figure 3.2(c), reveals that the RHG dye material is homogeneously distributed 
within the nanofiber networks. The emission was excited using a mercury lamp in 
combination with a 510 nm band-pass filter with 10 nm bandwidth for excitation and a 563 
nm bandpass with 9 nm bandwidth for emission. Dichroic (462/ 523 nm) beam splitter was 
placed in the microscope along with a filter for the excited light. In order to demonstrate 
plasmon enhanced random lasing, we characterized the scattering properties of three 
samples containing Au nanoparticles of different sizes of (10 nm/40 nm/80 nm) using dark-
field scattering microscopy in a standard setup with a 100W tungsten halogen lamp. 90 The 
scattering spectra in Figure 3.2(d) show a clear resonance peak that shifts from 550 nm to 
676 nm when doping with Au nanoparticles of increasing diameter from 10 nm to 80 nm. 
These resonant peaks well correspond to the excitation of localized surface plasmons of 
Au NPs embedded in a HPC dielectric. 111 CBS measurements 112 at 532 nm were 
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performed to investigate the multiple scattering of light and to quantify the transport mean 
free path of HPC nanofibers (Figure 3.3a). For non-absorbing samples of large thickness, 
the angular width of the enhanced backscattering cone Δθ ≈ 1/kl, where k=2π/λ, k is the 
wavelength, and l is the transport mean free path. We measured a transport mean free path 
of 6.78 μm in purely HPC random networks (i.e., no Au NPs and RHG molecules). With 
Au NPs and RHG doped in the HPC random networks, the enhanced backscattering cone 
was broadened due to enhanced scattering and absorption (inset of Figure. 3.3(b)). It is 
difficult to determine simultaneously the transport mean free path and the absorption length 
from the backscattering data. Nevertheless, a notable broadening of the backscattering cone 
with little reduction of the cone height indicates that the broadening is predominantly 
caused by enhanced scattering instead of absorption. The monotonic increase of the 
backscattering cone width with the Au NP size suggests that the scattering strength is 
increased in HPC samples with larger Au NPs. In addition to multiple light scattering due 
to Au NPs, our HPC samples have been shown to display remarkable waveguiding 
properties 90 at the emission wavelength. Such a behavior contributes to further enhance 
light-matter coupling through a better field confinement. The waveguiding properties are 
simply demonstrated by exciting a single nanofiber on a small central area (approximately 
equal to 4 μm2) using a focused Ar ion laser at 488 nm (Spectra Physics, 177-602) and 
imaging the signal at the emission wavelength. As shown in Fig 3.3, we have observed the 
propagation of the fluorescence all along the selected fiber length including the bend 
region. 
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Figure 3.3: Left: (a) Black squares represent the measured backscattered intensity of the cellulose 
nanofiber film as a function of backscattering angle h. The intensity at large angle is normalized to 
1. Red dashed curve is a theoretical fit with the transport mean free path of 6.78 μm. Inset: SEM 
image of the thick nanofiber film used for the backscattering experiment. Film thickness is 160 lm. 
(b) Δθ is the angular width of the backscattering cone in the cellulose nanofiber film doped with 
dye RHG and Au NPs. The inset shows two backscattering cones from the sample with only RHG 
(solid line) and that with both RHG and 80 nm Au NPs (dashed line). With the addition of Au NPs, 
the backscattering cone is broadening with little change in the cone height, indicating that the 
broadening is predominantly caused by enhanced scattering instead of absorption. Right: (a) Bright 
field image of RHG film, (b) Focused laser beam from Argon laser (488 nm) on the RHG film with 
diameter around 2 μm after filtering the excitation light (c, e, g) Bight field image of Au NPs and 
RHG doped nanofibers suspended between two parallel metal strips and (d, f, h) their 
corresponding Fluorescence image.   
 
3.4 Random lasing measurement 
In order to demonstrate random lasing, the samples were optically excited with the 
second harmonic of a pulsed Nd:YAG laser (k=532 nm, s=30 ps, frep=10 Hz). The pump 
beam was incident at 45, with respect to the sample surface, see Figure. 3.4(a). The pump 
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spot diameter could be adjusted between 20 μm and 400 μm by shifting the focusing lens 
(f=200 mm) along the optical axis. Emitted light from the sample was collected with an 
aspheric lens (f=11 mm, NA=0.25) and refocused onto the entrance slit of a grating 
spectrometer (Dk<0.1 nm). Upon weak laser excitation, the nanofiber films emitted 
fluorescence, as shown in Figure 3.4(b) (red curve). Once the pump fluence was increased 
to around 4 mJ/cm2, narrow peaks appeared in the emission spectrum (Figure. 3.4(a), blue 
curve), and they grew super linearly with pump level, marking the onset for random lasing. 
When the pump area was small (diameter=20 μm), the emission spectrum was dominated 
by approximately five to ten individual lasing peaks that were well separated and 
reproducible over >100 pump shots. These lines correspond to the lasing of optical 
resonances, formed by disorder-induced scattering, within the nanofiber material. At 
stronger excitation (>1.5 times threshold fluence) or with a larger pump spot (d>50 μm), 
more lasing lines appeared and merged into a continuous band, reaching a regime of highly 
multimode lasing. 
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Figure 3.4: (a) Schematic for random lasing experiment setup. The pump light (wavelength=532 
nm, pulse duration¼30 ps) was focused onto the sample with a lens (focal length¼200 mm). Emitted 
light was collected with an aspheric lens (f¼11 mm, NA¼0.25) and imaged onto the entrance slit of 
a grating-spectrometer. The pump beam spot was scanned across the sample following the pattern 
shown in the inset, to characterize the lasing threshold. (b) Measured emission spectra at two pump 
levels. The red curve shows the smooth fluorescence spectrum of the laser-dye below the lasing 
threshold. The blue curve shows the lasing peaks above the threshold. (c) Random lasing threshold 
as a function of the Au NP diameter. The error bars enclose the standard deviation of the mean 
from 9 individual sample positions on 2 separately fabricated samples. 
 
The effects of plasmonic NPs, embedded inside the doped nanofibers, on random 
lasing were characterized by comparing the lasing thresholds of different samples. Since 
the lasing threshold fluctuates across a single sample, we used a relative large pump spot 
(d=280 μm) to reduce the fluctuation and also average the threshold values measured in 9 
positions (on a 33 grid with a grid spacing of 1mm shown in Figure. 3.4). In addition, two 
samples, separately fabricated under identical conditions, were characterized for each Au 
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NP size. The threshold was therefore determined by averaging over N=18 individual 
measurements and the error was quantified by the standard deviation of the mean. The 
results presented in Figure. 3.3(c) show that the random lasing threshold is reduced by 17% 
in the presence of 10 nm Au NPs, as compared to the sample doped with only RHG dyes. 
The random lasing threshold increases for larger Au NPs. This can be explained by the 
spectral overlap between the dark-field scattering cross-section and the RHG fluorescence 
peak. As shown in Figure 3.2(d), the surface plasmon resonant peak of the 10 nm Au NPs 
is around 560 nm which is very close the peak emission of RHG dyes in the HPC network 
(i.e., the peak is at 553 nm). As a result, the plasmon-enhanced light scattering in the 
nanofibers is the strongest for the 10 nm Au NP samples, leading to the shortest transport 
mean free path and the lowest lasing threshold. 113 Since the plasmon resonance of 80 nm 
Au NP does not coincide with the optical gain spectrum, the random lasing threshold is 
even higher than the one of undoped samples due to metal absorption. 
 
3.5 Conclusion 
In conclusion, we have developed an active nanofiber composite based on 
biodegradable HPC solutions and demonstrated random lasing with a reduced threshold 
due to plasmon-enhanced light scattering. Random lasing is optimized by tuning the 
localized plasmon resonance of Au NP into the gain spectrum. These findings provide an 
alternative and cost-effective approach for plasmon-enhanced random lasers based on a 
bio-degradable host matrix, which is particularly attractive for a number of biophotonic 
applications such as fluorescence sensing, optical tagging, and detection. For the 10 nm Au 
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NP samples, leading to the shortest transport mean free path and the lowest lasing 
threshold. Since the plasmon resonance of 80 nm Au NP does not coincide with the optical 
gain spectrum, these findings provide an alternative and cost-effective approach for 
plasmon-enhanced random lasers based on a bio-degradable host matrix, which is 
particularly attractive for a number of biophotonic applications such as fluorescence 
sensing, optical tagging, and detection.  
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Chapter 4 
4. Plasmon-enhanced Si nanocrystals emission in nanofibers  
4.1 Si nanocrystals (NCs) 
It is known that plasmonic nanostructures such as Au and Ag nanoparticles (NPs) 
and nanorods can modify radiation properties of emitters in close proximity. 114,115 By 
carefully engineering the material and structure, enhanced emission of NCs coupled to 
localized surfaced resonance (LSPR) of metal NPs has been demonstrated. 116,117 This is 
also applicable to NCs-doped electrospun nanofibers.118 However, in order to suppress the 
non-radiative quenching of emitters coupled to metal surfaces or NPs, 119,120 complex 
fabrication techniques must be developed capable to accurately control the distance 
between metal NPs and emitters, which is a very challenging task. In collaboration with 
Dr. Hiroshi Sugimoto in Prof. Minoru Fuji’s group at Kobe University, we demonstrate 
plasmon-enhanced emission in biocompatible light-emitting silicon nanocrystals (Si-NCs) 
doped nanofibers by using electrospinning technique. The combination of water-based 
hydroxypropyl cellulose (HPC) polymer precursor and nontoxic Si-NCs emitting in the 
biological window (650-1300 nm) 121,122 enables that fabrication of all biocompatible active 
nanofiber systems for sensing 123 and imaging 124. Furthermore, we engineer the light 
emission property by doping the nanofibers with Au nanoparticles (NPs). By performing 
photoluminescence (PL) experiment, we demonstrate an enhancement by a factor of 2.2 in 
Parts of this chapter were published as:  
R. Zhang*, H. Sugimoto*, B. M. Reinhard, M. Fujii, G. Perotto, B. Marelli, F. G. Omenetto, and 
L. Dal Negro, Appl. Phys. Lett. 107, 041111 (2015). 
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the absence of non-radiative quenching due to the enhanced scattering of the excitation 
light by Au NPs inside the nanofibers.  
Colloidal dispersion of Si-NCs is prepared by the method described elsewhere 
125,126. In Figure 4.1(a), we show photograph of Si-NC dispersed in water solution and a 
transmission electron microscope (TEM) (Tecnai Osiris, FEI) image. Si-NCs are well-
dispersed in water without any agglomerates. The average diameter of Si-NCs estimated 
by TEM was 3.36 nm. To prepare the precursor of electrospun nanofibers, we first 
dissolved HPC in DI water and then added Si-NC solution to the polymer solution, 
followed by stirring for about 1 h to obtain a homogeneous mixture solution containing 45 
wt.% HPC and 0.8 mg/ml Si NCs. Photoluminescence spectra were measured using a 
monochromator (Oriel Cornerstone 260, Newport) and photomultiplier tubes (Oriel 77348, 
Newport). The excitation source was 488 nm line of an Ar ion laser (Spectra Physics, 177-
602). Figure 4.1(b) shows absorbance and normalized PL spectra of Si-NCs in water (red) 
and in the HPC solution (blue). In the inset, we show a photograph of HPC solution 
containing Si-NCs under UV light excitation, exhibiting bright red luminescence. The Si-
NCs in HPC solution exhibit a broad PL peaked at 710 nm, which is identical to that 
observed for Si-NCs in water. 
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Figure 4.1: (a) Photograph of colloidal dispersed in water solution and TEM image of Si-NCs 
(Scale bar: 10 nm). (b) Absorbance (black) and normalized PL spectra of Si- NCs in water (red) 
and planar HPC film (blue). The excitation wavelength is 488 nm. Inset: Photograph of HPC 
solution (45 wt. %) containing Si-NCs under UV excitation. The color of the emission appears pink 
due to the contribution of the weak blue emission from the HPC polymer under UV excitation. (c) 
Extinction spectra of single- (black) and Au-doped (red) HPC films. 
 
4.2 Si NCs and Au NPs Co-doped polymer nanofibers 
Plasmonic NPs and Si-NCs co-doped (Au-doped) polymer solution was prepared 
by directly adding concentrated Au NPs (70 nm diameter) synthesized by a seeded growth 
method to the mixture solution. The concentration of the final mixture solution was 45 wt. 
% HPC with 0.8 mg/ml Si-NCs and 1.2 mg/ml Au NPs. In the following, we refer to the 
  
63 
sample doped with both Si-NCs and Au NPs as Au-doped sample, and to that doped with 
Si-NCs alone as single-doped sample. In Figure 4.1(c), we plot the extinction spectra of 
single-(black) and Au-doped (red) HPC films prepared by spin coating mixture solutions. 
In the Au-doped HPC film, the extinction peak originating from LSPR of Au NPs is clearly 
observed around 550 nm. The slight increase of extinction at a wavelength shorter than 400 
nm observed in both spectra is due to the absorption of Si-NCs. We notice that in this 
wavelength range, the absorption (and scattering) of the HPC host film is negligibly small 
compared to that of Au NPs. The nanofibers were fabricated following the same procedure 
as previously mentioned. Figure 4.2(a) shows a representative scanning electron 
microscope (SEM) image of the electrospun HPC nanofibers Au-doped with Si-NCs and 
with Au NPs. The average diameter of the nanofibers is 249 nm with the standard deviation 
of 31 nm. The nanofibers form a relatively uniform film with a thickness of 7.6 μm 
measured by cross-section SEM analysis. We confirmed the same morphology (i.e., 
thickness and diameter) of both single and Au-doped nanofibers films. In Figure 4.2(b), we 
show a TEM image of the Au-doped system, which demonstrates doping with 70 nm Au 
NPs within the nanofiber. The TEM image demonstrates that the Au NPs are incorporated 
into the nanofibers without forming aggregates at this doping concentration. The density 
of Au NPs (i.e., number of NPs per unit volume) is estimated from TEM analysis to be 
~1013 cm-3 in good agreement with the concentration of the precursor solution. The high-
resolution TEM image of the nanofiber in Figure 4.2(c) shows an incorporated Si-NC with 
lattice fringes corresponding to {111} planes of the Si crystal. Figure 4.2(d) shows a PL 
image of Si-NCs Au-doped nanofibers obtained by an optical microscope with excitation 
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at 430 nm. Since only the PL signal from Si-NCs (red to near-IR range) is collected by 
filtering the excitation light, the image clearly demonstrates that Si-NCs are 
homogeneously incorporated within the nanofiber network. 
 
Figure 4.2: (a) SEM image of electrospun HPC nanofibers doped with Si NCs and Au NPs. (b) 
TEM image of Au-doped nanofibers. (c) High-resolution TEM image showing a Si NC doped in a 
nanofiber. (d) Microscope PL image of Au-doped nanofibers (excited at 430 nm). 
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4.3 Photoluminescence excitation spectroscopy 
To investigate the effect of Au NP-doping on the light emission of Si-NCs, we 
performed PL excitation (PLE) spectroscopy for single- and Au-doped nanofiber samples 
using a tunable (340 nm-2200 nm) optical parametric oscillator (SpectraPhysics Inspire) 
pumped by a Ti:sapphire laser (MaiTai HP SpectraPhysics, 82 MHz repetition rate) using 
an average power of 2.5 mW. The samples are directly irradiated by a focused excitation 
beam without waveguiding excitation. In Figures 4.3(a) and 4.3(b), we show the PL spectra 
of single- and Au-doped nanofibers excited at 490 and 545 nm, respectively. We measured 
the PL spectra at 5 different excitation spots, and calculated the average PL intensity and 
error bars. When excited at 490 nm, which is detuned from LSPR of Au NPs, both the 
single- and Au doped nanofibers samples show comparable PL intensity (within the error 
bars). Figure 4.3(c) shows the measured PL decay traces of single- (black) and Au-doped 
(red) nanofiber detected at 720 nm using the excitation by the Ar laser beam (488 nm), 
which has been modulated with an acousto-optic modulator at a frequency of 1 kHz. The 
decay curves are well-fitted by a stretched exponential decay function, I=I0 exp[(-t/τ)]β, 
where s is the effective lifetime and b is the stretching parameter. The same s (32 μs) and 
b (0.74) are obtained for both samples, and almost identical to that of Si-NCs doped in a 
HPC film (i.e., τ=32 μsec and β=0.77), which indicates that there is no significant change 
in the decay time of Si-NCs by electrospinning. Moreover, the comparison between single- 
and Au-doped nanofibers demonstrate that the spontaneous decay rate of Si-NCs is not 
affected by the Au-doping with Au NPs, consistent with the large average distance between 
Si-NCs and Au NP (i.e., precluding near-field interactions).  
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Figure 4.3: (PL spectra of single- (black) and Au-doped (red) nanofibers excited at (a) 490 and (b) 
545 nm. PL peak wavelength of single- (black) and Audoped (red) nanofibers as a function of 
excitation wavelength. (c) PL decay curves of single- (black) and Au-doped (red) nanofibers 
detected at 720nm with the fitting curve (blue). (d) PL enhancement factors (black) as a function 
of excitation wavelength. Red dashed curve shows the scattering spectrum of Au-doped nanofibers. 
Inset: PL peak wavelength of single- (black) and Au-doped (red) nanofibers excited at different 
wavelengths. 
 
      On the contrary, when we excite the systems at 545 nm, the PL intensity of the 
Au-doped nanofibers is enhanced by approximately a factor of 2 compared to the one of 
single doped nanofibers. To better understand the origin of the measured PL enhancement, 
we study the PL enhancement spectrum (the PL intensity ratio of Au-doped to single-doped 
nanofibers). Figure 4.3(d) shows the enhancement factors of the PL of Si-NCs and the 
  
67 
scattering spectrum of Au NPs doped nanofibers. The scattering spectrum of Au-doped 
nanofibers (red curve in Figure 4.3d)) is obtained from the dark-field scattering 
measurements with the optical microscope using 100W tungsten halogen lamp. We find 
that the PL enhancement factor strongly depends on the excitation wavelength and that its 
trend follows the scattering spectrum of Au NPs in the nanofibers. The PL enhancement in 
a generic system of emitters (of identical density) can originate from several factors: the 
modifications of (a) excitation efficiency ;(b) extraction efficiency of emitted light; and (c) 
quantum efficiency (i.e., emission rate) of the emitters. The separation between the 
extinction peak of Au NPs (at 550nm shown in Figure 4.1(c)) and the emission peak of Si-
NCs (at 720 nm) allows us to exclude significant enhancement of the extraction efficiency 
at the emission wavelength. Moreover, due to the large average distance between Si-NCs 
and Au NPs, we did not observe sizable modifications of the PL decay times of Si-NCs in 
both samples. Therefore, we can deduce that the measured PL enhancement originates from 
the plasmon-enhanced light scattering, which increases the effective excitation efficiency 
of Si-NCs due to the redistribution and trapping of light inside the Au NPs doped 
nanofibers. The presence of strongly scattering Au NPs in the nanofibers leads to an 
increase of the absorption rate of the pump inside the Si-NCs doped samples. Our data 
demonstrate that the Au doping of Au NPs in active nanofibers significantly enhances the 
emission of Si-NCs in the absence of non-radiative quenching, which limits the 
performance of alternative active systems coupled to plasmonic NPs in the near-field. 119 
In the inset of Figure 28(d), we show the PL peak wavelength of single- and Au-doped 
nanofibers as a function of excitation wavelengths, demonstrating the red-shift with 
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increasing excitation wavelength. This behavior is commonly observed in an ensemble of 
Si-NCs. 127,128 Due to the size distribution of Si-NCs, only larger Si-NCs with smaller 
optical bandgap energies can be excited when the excitation wavelength is close to the PL 
wavelength. 145,146 In addition, we observe a small red-shift between single- and Au-doped 
samples across the overall excitation wavelength range. This can be explained by photon 
re-absorption in the presence of an inhomogeneous population of Si-NCs dispersed inside 
nanofibers (i.e., the emission from small Si-NCs is reabsorbed by the larger Si-NCs). Since 
the scattering spectrum of Au NPs overlaps with the shorter wavelength side of the PL 
spectrum, the emission from the smaller Si-NCs is strongly scattered by the Au NPs and 
efficiently re-absorbed at lower energy by the larger Si-NCs in the nanofibers. This leads 
to the slight red-shift of the PL observed in the Au doped samples. 
 
4.4 Conclusion 
In conclusion, we developed active light-emitting HPC nanofibers doped with Si-
NCs and Au NPs. By performing time-resolved PL and PLE measurements, we 
demonstrate that Au-doped nanofibers give rise to enhanced PL by a factor of 2.2 in the 
absence of non-radiative quenching of the Si-NCs emission due to plasmon-enhanced 
scattering of pump radiation from Au NPs to Si-NCs inside the nanofibers. Our findings 
provide not only an alternative concept for the plasmon-enhanced PL but also a unique 
opportunity for bio-compatible active platforms that leverage cost-effective and largely 
scalable processing with Si-NCs light emission for biophotonics applications. 
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Chapter 5 
5. Optical and MRI detection for Traumatic brain injury (TBI) 
5.1 Introduction of TBI and current detection method 
Traumatic brain injury (TBI) is a complex injury which caused a large number of 
death and disability worldwide with a broad spectrum of symptoms. Vascular leakage in 
the brain is one of major consequence from the brain injuries. 129-131 Patients are required 
for a prompt and proper management of TBI sequelae within 48h from the injury. 
Bioimaging techniques play a significant role in the therapy of TBI to determine the 
presence and extent of the injury guiding surgical treatment with minimum invasive 
interference. It is also in identifying chronic sequelae, determining prognosis, and guiding 
rehabilitation during the chronic therapy of TBI. 132 However, the imaging detection is very 
challenging to implement at the early stage.  
Among various imaging techniques, optical brain imaging was one of the many 
facial detection methods for the brain injury which has been extensively developed for 30 
years. 133 Compared to the other imaging method like functional magnetic resonance 
imaging (fMRI), 134,135 positron emission tomography (PET) 136 and x ray computed 
tomography (x-ray CT), 137 optical imaging has many advantages like cost effectiveness, 
simple infrastructure requirements, especial for their extreme sensitivity based on a broad 
range of functional contrast reagent.  
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Figure 5.1:  For human brain imaging, near-infrared light will penetrate more readily through the 
scalp and skull to sample the brain thanks to lower scatter and absorption. Spectra: major 
chromophores in brain are oxy- and deoxyhemoglobin and water (lipid is omitted here) For 
generation of these spectra: water content is assumed to be 90 %. Hemoglobin absorption is shown 
assuming 2-mM concentration of hemoglobin in blood and 3% content of blood in tissue 60 mM 
in tissue calculated from spectra.10 
 
The most significant obstacle for optical imaging is to reduce the light scattering 
which restricts the penetration depth and imaging resolution (Figure 5.1). 138 As shown in 
figure 5.2, a variety of approaches were developed from the well-established exposed-
cortex optical imaging based on camera, extrinsic dyes or laser speckle-flow 139-143 to 
microscopic in-vivo imaging by two photon microscope. 144 The brain imaging based on 
noninvasive approaches have also been developed for the young infants who cannot receive 
MRI or PET scan such as dark-field confocal laser scanning microscopy (DF-CLSM), 145 
direct functional topography. 146   
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Figure 5.2: Examples of in-vivo exposed cortex imaging. (a)Visual stimuli were presented in different 
parts of a rat’s field of view, and the corresponding cortical hemodynamic HbT responses were mapped 
(b) A cranial window was implanted to allow direct imaging of primate visual cortex. A baseline image 
of the exposed brain is shown above an intrinsic signal ocular dominance map, acquired by subtracting 
the response from visual stimulus to the right eye from the left eye. Chronic VSD imaging was also 
performed, and ocular dominance maps closely resembled intrinsic signals. Time courses of the voltage-
sensitive signal (c) An optical fiber bundle was used to image the exposed, VSD stained cortex of an 
awake mouse while it explored its surroundings. Image series shows the mouse’s whisker gradually 
brushing against an obstacle and the corresponding cortical response. (d) A fiber optic bundle was used 
to image the exposed cortex of a rat undergoing electrical whisker stimulation during simultaneous 
acquisition of fMRI at 4.7 T. (e) Baseline speckle contrast image showing higher flow as darker contrast 
and strongly accentuated vessels. Image series from top to bottom show flow prior to induction of 
spreading depression (f)(Left) Cross sectional x-z images through the cortical HbO2 response to a 4 sec 
forepaw stimulus in rat imaged using laminar optical tomography, (right) 3-D rendering of arterial, 
capillary, and venous compartment hemodynamic responses. Ex-vivo two-photon microscopy of 
vasculature (inset) agrees with compartment discrimination. 138 
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Recently, Evan’s blue (EB) assays emerge as a common technology utilized to test 
the vascular leakage and Blood Brain Barrier (BBB) integration. Generally, high 
concentration of EB solution was intravenously (IV) injected into the bloodstream of 
patient. It will bind to serum albumin and then accumulated in the brain tissue due to the 
BBB. The vascular leakage can be further evaluated based on the concentration of Evan’s 
Blue in the Brain tissue. However, with this technique it is difficult to detect minor leaks 
and to provide in-depth characterization vascular leakage within the brain.147 
 
Figure 5.3: Vascular leakage in stroke. (a) Photographic image of a stroke brain harvested 2 hours 
following EB injection which is 5 hours after induction of stroke. Arrow indicates the infected side 
of the brain. (b) Optical imaging of whole brain, area of leakage is evident from color codes. (c) 
Optical imaging of brain slices that show vascular leakage. Areas with more leakage show as red, 
those with less leakage as blue. A filter paper disc loaded with 20 ng EB dye was used as an internal 
standard. (d) Photographic images of brain slices showing blue color of EB.147 
 
Therefore, Magnetic resonance imaging (MRI), one of the clinically relevant 
techniques, is more meaningful to patients as a tool to examine the Brain Blood barrier 
permeability. It has been reported that the alterations of the BBB permeability evaluated 
by MRI vary in the different animal models of TBI 147 In the rat model of lateral fluid 
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percussion (FP) brain injury, the MRI observation of the BBB permeability reveals the 
barrier breakdown within 12 h post trauma as shown in figure 5.4.  When a strong magnetic 
field is applied to a sample, the magnetic field aligns the magnetic moments of protons in 
the sample, producing an equilibrium magnetization along the longitudinal axis. An RF 
pulse, at a resonant frequency (5–100 MHz) capable of transferring energy to protons, can 
then rotate their magnetic moments away from the longitudinal axis, in phase, to an angle 
called the flip angle. Upon removal of the radiation, the magnetic moments of the protons 
relax to equilibrium. In MRI, this process is repeated in a quick succession of RF pulses. 
The time taken by the magnetic moments to return to their original alignment with the 
magnetic field is called the relaxation time, and it is tissue dependent. This relaxation can 
be divided into two different, independent processes: longitudinal relaxation (characterized 
by the parameter T1) and transverse relaxation (characterized by the parameter T2). 
The relaxivity for an MRI contrast agent is defined as the increase in the relaxation 
rate of the solvent (water) induced by 1 mmol⋅L-1 of the active ion of the contrast agent,147 
and it is calculated according to 
 
the relaxivity is dependent on the magnetic field applied and the temperature, so it should 
be reported together with both these parameters. Most T1 contrast agents currently 
available are paramagnetic complexes, while those classed as T2 contrast agents are mostly 
superparamagnetic iron oxides. 
(8.1) 
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Over the last 25 years, various nanoparticles and complexes have been studied as 
MRI contrast agents, and several formulations have been approved for clinical use. 147 
These contrast agents are formed either using transition and lanthanide metals or of iron 
oxide nanoparticles and, more recently, ferrite nanoparticles. The transition or lanthanide 
metals, whose most significant representative is the ion gadolinium (Gd 3+), have been 
extensively used as T1 contrast agents since they increase longitudinal relaxation times. 
 
Figure 5.4. Magnetic resonance imaging (MRI)-monitored blood–brain barrier (BBB) breakdown 
after lateral fluid percussion (FP) brain injury. The BBB disruption is detected by the MRI with the 
contrast agent Gd-DTPA. On the T2-weighted MRI images, edematous and lesioned areas are 
clearly exhibited in the ipsilateral cortices of the injured brains at 1, 4, 12, and 24 h post trauma (a). 
There are fundamental signal intensities in the uninjured and injured brains on the pre-contrast T1-
weighted MRI images, although slight enhancement is viewed in the injured area of the brain at 4 
h post impact (a). After the injection of the contrast agent Gd-DTPA, the signal intensities are 
significantly greater in the ipsilateral cortices and hippocampi (the left sides of the MRI images) at 
4, 12, and 24 h (a and b), as well as in the contralateral brain (the right side) at 24 h (a and c) after 
impact compared with that in the normal brain on the T1-weighted MRI images. 147 
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5.2 Plasmon-enhanced Evan’s Blue emission in PCL nanoparticles 
The recent proliferation of nanotechnology tools began to be applied in order to 
address the growing concern over brain injuries caused by traumatic damage. As we 
mentioned in the previous discussion, the lack of sensitivity and global extent of vascular 
leakage are the limitations of current treatment by using Evan’s Blue assay. Encapsulation 
the EB modules in the polymer nanoparticles before being injected into human bloodstream 
is one of proposed approach to solve this problem. Compared to the conventional dosage 
form, it is advantageous to encapsulate the dye into polymer particle which can provide an 
improved dye delivery behavior with relatively high and stable local dye concentration for 
detection. 148,149 In the thesis, we introduced a novel approach that builds plasmon-
enhanced platform based on electrospun nanofibers or electrospray nanoparticles with 
incorporation of plasmonic nanoparticles and active media.  Due to the overlapping of the 
plasmon resonant peak of Au NPs and excitation wavelength of EB molecules as shown in 
figure 5.6, the emission of EB modules was enhanced by plasmonic nanoparticles presence 
in the polymer capsule. Polycaprolactone (PCL), a biocompatible and biodegradable 
polyester was used to encapsulate the EB molecules and plasmonic nanoparticles.  PCL is 
a type of polyester which is generally applied for drug delivery and nano encapsulation due 
to the sustaining and slow degradation in the human body. 150,151  
Before encapsulation, we investigate the influence of precursor flow rate to the 
different morphology of pure PCL nanoparticles by electrospinning on the Al foil as we 
mentioned in the previous text. All the PCL is dissolve in organic solvent (Chloroform: 
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Methanol=1:2) with 0.5 wt% It is shown in Figure 5.5, the size of particles increases when 
the flow rate of the PCL precursor is increasing from 0.2 to 0.8 mL/hr. Finally, nanofibers 
with beads structure emerges in the Figure 5.5 (d) which is in good agreement with the 
trend of previous discussion. 
 
Figure 5.5:  The SEM image of the nanofibers fabricate from the precursor of 0.5 % PCL with 
different flow rate (a) 0.2 mL/hr(b) 0.4 mL/hr (c) 0.6 mL/hr (d) 0.8 mL /hr. The voltage is 10 kV 
and distance is 8 cm  
 
To minimize the size of PCL nanoparticles 0.5 % PCL solution was chosen for the 
encapsulation of EB molecules and plasmonic particles. Specifically, 0.5 % PCL 
(Purchased from Sigma, Mn: 45,000 g/mol) in organic solution (Chloroform: 
Methanol=1:2) was mixed with 25 mg/L EB to form a homogeneous precursor solution.  
Then the precursor was poured into a 10 mL syringe fitted into the syringe pump. 
  
77 
Controlled by the syringe pump, the PCL precursor was pushed continuously to the needle 
tip with a flow rate of 0.4 mL/h. Driven by the high voltage (5 kV) between the nozzle and 
collector. Instead of using flat conductive surface, we used a grounded metal beaker filling 
with liquid bath (EtOH) as collector for nanoparticles. After the precursor was ejected from 
the nozzle and PCL nanoparticles were formed in the flight after solvent evaporation. The 
charged nanoparticles were neutralized at the liquid bath (kept 5-10 cm from the nozzle) 
forming PCL nanoparticles suspension. To further minimize average size of nanoparticles 
and increase of the polydispersity, the suspension was filtered by using 450 nm syringe 
filter (EMD Millipore Millex).  
 
Figure 5.6: The schematic images of Au NPs and EB co-doped PCL nanoparticles. 
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The parameter effect to different morphology of EB doped PCL 
 
Figure 5.7. Different size distribution of EB doped PCL nanoparticles (right) compared with PCL 
nanoparticles (Left) fabricated at different voltage. The flow rate is 0.4 mL /hr, the distance is 10 
cm. 
 
Figure 5.7 shows the different morphology of EB doped PCL nanoparticles and 
PCL nanoparticles fabricated at the different voltage from 8 KV to 15 KV the distance is 
kept at 5 cm and the flow rate is 0.4 mL /hr. As shown in the figure 5.7 and figure 5.9, the 
size of EB doped PCL nanoparticles also decreased with increasing of the voltage which 
is the same as PCL nanoparticles due to a stronger electrostatic force will break down the 
droplet into smaller particles. It is also noting that the sizes of EB doped PCL nanoparticles 
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are slightly smaller than the pure PCL nanoparticles which is potentially resulting from the 
viscosity and concentration decrease after doping with hydrophilic dye. However, the 
nanoparticles fabricated at 15 KV has a much bigger average diameter in the DLS 
measurement than the SEM analysis. It reveals that the high applied voltage (15 kV) can 
possibly lead to agglomeration of the nanoparticles when the unstable multijet mode is 
triggered.  
 
Figure 5.8: EB doped PCL electrospray nanoparticles collected with different liquid bath (mixture 
of water and EtOH with different ratio) The flow rate is 0.4 mL /hr, the distance is 10 cm and the 
voltage is 13 KV. 
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Figure 5.9: The size distribution of nanoparticle fabricated at different voltage and collected with 
different solvent.  
 
Different ratio of EtOH and water has been used as a collection solvent for EB-PCL 
nanoparticles. The sizes of EB-PCL nanoparticles increase with increase of the water 
content in the EtOH. And the nanoparticles forming aggregation when the EtOH 
percentage is larger than 20 % in water which indicates that the charged EB-PCL is forming 
aggregation after get neutralized at the top of liquid bath surface with high water content.  
In order to prepare the precursor of plasmonic nanoparticles doped PCL 
nanoparticles, we further dissolved 10 uL (1013 particles/ mL) 10 nm Au NPs fabricated 
with conventional seed grow method into the 1 mL EB doped PCL precursor solution, 
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followed by stirring for about 1 h to obtain a homogeneous mixture solution.  The Au NPs 
were able to be dispersed in solution without obvious aggregation indicating no obvious 
color change (Figure 5.6) and same absorbance wavelength in the water and in the PCL 
solution (UV-vis). Photoluminescence spectra were measured using a monochromator 
(Oriel Cornerstone 260, Newport) and photomultiplier tubes (Oriel 77348, Newport).  
To investigate the morphology of the Au NPs and EB co-doped PCL nanoparticles, 
Au NPs and EB co-doped was both collector with Al foil and EtOH bath. The particles are 
in spherical shape was achieved on the Al foil as shown in the Figure 5.10 (a).  The presence 
of 10 nm Au NPs were approved by the high resolution TEM (the inset of Figure 5.10(a)). 
Au NPs and EB co-doped PCL NPs are also collected by using the liquid bath (EtOH). The 
size of active nanoparticles in EtOH was characterized with DLS measurement which is 
350 ± 50 nm. One droplet of nanoparticles suspended EtOH was made on the Al foil and 
then let it dried in the room temperature (Figure 5.10 (b) left). The average size of 
nanoparticles based on SEM analysis is 411 ± 100 nm and the histogram is shown in the 
Figure 5.10(b) right. Figure 5.10(c) shows normalized absorbance and dark-field scattering 
spectra of EB dye dried on the glass (red) and in the Au NPs and EB co-doped nanoparticles 
(black).  
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Plasmon-enhanced EB doped PCL nanoparticles dispersed in the solution 
 
Figure 5.10: (a) TEM image of 10 nm Au NPs doped EB doped PCL NPs under 12 KV with 
electrospray humidity of 50 % and collected by Ethanol. (c)Scattering spectrum of Au NPs and 
Evan's blue codoped PCL nanoparticles (black) and absorption curve of EB dye (red) (d) PL 
spectrum and PL image of Au NPs and EB co-doped nanoparticles. The concentration of PCL is 
0.5 %, the flow rate is 0.3 mL /hr, the distance is 10 cm and the voltage is 13 KV. 
 
To investigate the effect of Au NP enhanced light emission of EB molecules in the 
nanoparticles, we performed PL spectroscopy by using Argon laser (488 nm) for pure EB 
and EB/Au NPs co-doped nanoparticles samples in the solution. The electrospray time was 
kept the same to maintain the same concentration of the nanoparticles in the equal amount 
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of solution. Photoluminescence spectra were measured using a monochromator (Oriel 
Cornerstone 260, Newport) and photomultiplier tubes (Oriel 77348, Newport). It is shown 
in the figure 5.10 (d) that the peak of Evan’s blue emission is around 680 nm. Comparing 
with EB doped nanoparticles, the emission is enhanced by 6 fold when using doped the 
sample with Au NPs. Fluorescence image of EB and Au-doped nanoparticles obtained by 
an optical microscope with excitation at 550 nm. Since only the PL signal from EB (red to 
near-IR range) is collected by filtering the excitation light, the image clearly demonstrates 
that Evan’s blue is homogeneously incorporated within the nanoparticles.  It offers a 
potential solution for the TBI imaging by the biocompatible and biodegradable active 
polymeric nanoparticles encapsulation based on its plasmon-enhanced emission, random 
lasing, plasmon scattering.   
 
Plasmon-enhanced EB doped PCL nanoparticles thin film  
 Besides the PL characterization in solution, a thin uniform layer (~500 nm) of 
compact multiple layer of nanoparticles EB doped PCL with and without Au NPs was 
electrosprayed on the silicon wafer. The thickness of nanoparticles film is measured by the 
profilometer. Due to passive effect of nanoparticle film coated on the conductive surface, 
the following electrosprayed nanoparticles are difficult to get neutralized on the ground 
collector. It will generate a non-uniform film with high surface. Therefore, we only made 
a thin layer of film to maintain the same morphology and thickness between the Au NPs 
doped EB-PCL nanoparticles and EB-PCL nanoparticles as shown in Figure 5.11 d. For 
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the reference, the precursor of Au NPs-EB-PCL and EB-PCL was spin coated on the 
surface to make a film with comparable thickness. Figure 5.11(a) shows absorbance of the 
EB doped PCL with and without Au NPs. The normalized and absorbance of EB dye dried 
on glass were shown in figure 5.11 (b). The PL spectra of all the film were characterized 
with the same step up with the excitation of 488nm line of an Ar ion laser in Figure 5.11 c. 
The Au NPs doped EB-PCL nanoparticles were demonstrated an enhancement of PL peak 
intensity compared to just EB-PCL nanoparticles as well as the spin coated film.  
 
Figure 5.11: (a) Absorption of PCL and EB-PCL and Au NPs-EB-PCL nanoparticles (b) the 
absorption spectrum of EB dye on the glass (c) PL measurement of PCL and EB-PCL and Au NPs-
EB-PCL nanoparticles with the comparison of EB-PCL and AuNPs-EB-PCL film. The 
concentration of PCL is 0.5 %, the flow rate is 0.3 mL /hr, the distance is 10 cm and the voltage is 
13 KV. 
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5.3 Si quantum dots doped PCL nanoparticles 
To prepare the precursor of electrospray nanoparticles, we first dissolved PCL in 
mixture solution (MeOH: Chloroform=2:1) and then added Si-NC solution to the polymer 
solution, followed by stirring for about 1 h to obtain a homogeneous mixture solution 
containing 0.5 wt % PCL and 0.2 mg/ml Si NCs (1mL solution was added into 5 mL 0.5 
wt% PCL solution). Photoluminescence spectra were measured using a monochromator 
(Oriel Cornerstone 260, Newport) and photomultiplier tubes (Oriel 77348, Newport). The 
excitation source was 405 nm laser (Newport LDCU8/9139). Figure 5.12 (b) shows 
absorbance and normalized PL spectra of Si-NCs in water (red) and in the PCL solution 
(blue). In the inset, we show a photograph of PCL solution containing Si-NCs under UV 
light excitation, exhibiting bright red luminescence. The Si-NCs in PCL solution exhibit a 
broad PL peaked at 710 nm, which is identical to that observed for Si-NCs in water. The 
excitation source was 405 nm laser (Newport LDCU8/9139). The doping concentration of 
Si NCs was optimized based on the PL signal to avoid optical quenching. 
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Figure 5.12: (a) SEM images of Au NPs and EB co-doped PCL nanoparticles. (b)TEM images of 
Si NCs in the PCL nanoparticles. (c) Dark-field images of EB-PCL nanoparticles and the insets is 
the corresponding SEM images. (d) PL spectra of Si NCs doped PCL, PCL nanoparticles and Si 
NCs film on silicon wafer. The concentration of PCL is 0.1 %, the flow rate is 0.3 mL /hr, the 
distance is 10 cm and the voltage is 13 KV 
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 5.4 Gadolinium doped PCL-PEG core-shell nanoparticles  
Gadolinium based reagent is commonly used as contrast agent for magnetic 
resonance imaging (MRI) which can produce magnetic effect allowing blood vessels, 
organs to be seen more clearly.152 It has been used to help diagnose certain disorders or 
brain injury including the TBI. The molecule generally contained gadolinium (Gd) ion and 
carrier molecules. The carrier molecules will bind to the plasma protein and modify the 
distribution of gadolinium within the body. To reduce the toxicity and maintaining the 
contrast property, the contrast reagent is always injected intravenously as part of MRI scan. 
However, it can also cause a life-threatening condition in People with kidney disease. 
Nowadays, researchers are seeking another way to inject the Gadolinium based reagent. 
Encapsulation in the polymer particles by electrospinning endow a viable route to solve 
this problem due to effective reduction the free Gadolinium ion, which render a more stable 
and rigorous clearance of contrast reagent via the kidneys. In our work, we introduce a 
nanocapsulation approach of Gadolinium in the PCL nanoparticles with PEG surface 
modification via electrospray in one step which can be injected in veins for the TBI 
detection as shown in Figure 5.13. 
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Figure 5.13: Schematic image of PCL-PEG core-shell nanoparticles fabrication and 
characterization.  
 
In order to prepare the Gadolinium doped PCL nanoparticles, we dissolve 10 uL 
Gadolinium solution (0.5 mmol/ml MultiHance) into 5mL 0.1 wt% PCL solution to make 
homogeneous solution containing 0.1 % v/v Gd in PCL solution. The Gd doped PCL 
solution was then electrospray with flow rate of 0.4 mL/hr and at 5 KV. The distance 
between nozzle and collector kept at 5 cm. EtOH was used as liquid bath to collect the Gd 
doped PCL nanoparticles. The morphology of the as electrospray Gd doped PCL 
nanoparticles was shown in the Figure 5.14(a). 220 nm Cellulose Acetate membrane was 
used to filter the nanoparticle dispersion as shown in the Figure 5.14 (b). The average size 
of as electrospray Gd-PCL nanoparticles and the filtered nanoparticles are 1.21 µm ± 0.37 
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µm and 196.6 nm ± 46.2 nm. Figure 5.14 (c,d) shows the histogram of Gd-PCL size 
distribution before and after filtering. As shown in the insets of Figure 14(c,d), spherical 
shape Gd-PCL nanoparticle was obtained after electrospray or filtering.  
 
 
Figure 5.14: (a,b) SEM image of  0.1 % Gd doped 0.1 % PCL nanoparticles and the particles after 
filtered with 220 nm Membrane and the histogram (c,d), The concentration of PCL is 0.1 %, the 
flow rate is 0.4 mL/hr, the distance is 10 cm and the voltage is 13 KV. 
 
However, after we re-dispersed the Gd-PCL nanoparticles to the PBS solution, the 
nanoparticles shown a much larger measured average diameter (over 1 µm) by DLS, which 
indicate the aggregation of the Gd-PCL in the PBS solution. Due to the negative charge of 
PCL nanoparticles, the charge shielding effect will facilitate the aggregation which would 
cause a severe problem after inject into the human bloodstream.  
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(Units: nm) EtOH Filtered PBS 
 1168 343.7 1.687 
 1115 385.1 1.561 
 1139 382.2 1.468 
Average 1141 370.3 1.572 
Std 21.67 18.87 89.74 
 
Table 5.1: DLS measurement of Gd-PCL nanoparticles in EtOH before and after filtering with 220 
nm Cellulose Acetate membrane and Gd-PCL in PBS solution after re-dispersing the water solution 
after filtered. The concentration of PCL is 0.1 %, the flow rate is 0.4 mL/hr, the distance is 10 cm 
and the voltage is 13 KV. 
 
In order to solve the aggregation problem, PEG, a commonly used biocompatible 
polymer for surface modification in drug delivery, was introduced to modify the surface of 
PCL nanoparticles by using the coaxial electrospray. It has been previously reported that 
PEG can effectively decrease uptake by macrophages of the reticuloendothelial system 
(RES) by repelling opsonins, which lead to a prolong blood circulation time. Recently, a 
novel shell insertion strategy has been reported to create PCL-PEG core-shell structure. It is 
showing that the shell component could diffuse into the core component in the electrospray 
process if the core and shell polymer dissolved in the same solvent. Therefore, we dissolved 
the PEG into organic mixture (MeOH: Chloroform= 2:1) to make 0.5 wt. % precursor solution. 
0.1 wt.% PCL precursor solution and 0.5 wt.% PEG precursor were flowing independently 
through the core channel and outer channel. The core fluid and shell fluid were injected 
into coaxial spray head by syringe pump independently with feed rate 0.1 mL/h and 0.05/ 
0.1/0.2/0.3 mL/h.  
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Figure 5.15. Core shell nanoparticles collected for long time at 0.1% PCL (0.2 mL/hr) core with 
shell of 0.5 %PEG of 0.05 mL/hr(a) and 0.1 mL/hr(b) 0.2 mL/hr(c) 0.3 mL/hr(d) The distance is 
10 cm and the voltage is 13 KV. 
 
In order to optimize treatment, it is important to manipulate nanoparticles size to 
render the penetration of the brain blood barrier. The flow rate was fixed at 0.1 mL/hr and 
the shell flow rate was tuned from 0.05 mL/hr to 0.3 mL/hr. As shown in the Figure 5.15.  
Core-shell nanoparticle with different sized were obtained. With the increasing of the shell 
flow rate the average diameter increases from 281.6 ± 28.0 nm to 582.7 ± 177.6 nm based 
on the SEM analysis.  Besides, the particles in Figure 5.15 (d) tend to fuse and connect to 
each other, probably due to non-completely evaporation of the shell layer when the shell 
flow rate is too high.  
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Figure 5.16:  PCL nanoparticles and (a) PCL-PEG nanoparticles electrospray on the Aluminum foil 
(b) TEM image of Core-shell PCL-PEG nanoparticles. (d) Representative DLS results for 
nanoparticles after filtering with 450 nm CA filter with 10s sonication. The concentration of are 
0.1 %/0.5 % (PCL Core/PEG shell), the flow rate is 0.2 mL/hr/0.05 mL/hr (PCL Core / PEG shell), 
the distance is 10 cm and the voltage is 13 KV. 
 
After optimizing the flow rate to be 0.1 mL/hr for the core and 0.05 mL/hr for the 
shell, PCL and PCL-PEG nanoparticles was electrospray on the Al foil. The average sizes 
of PCL and PCL-PEG nanoparticles 207.2 ± 34.2 nm and 216.6 ± 89.9 nm respectively. 
The core-shell structure was shown in TEM image in Figure 5.16(c). Figure 5.16(d) is a 
representative size distribution of Core-shell PCL-PEG nanoparticles measured with DLS 
after filtering with 450 nm CA membrane after short sonication. The size is about 178.0 ± 
48.33nm in EtOH solution.  
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Units: mV PCL PCL-PEG 
 -4.77 -1.22 
 -4.61 -1.11 
 -6 -1.18 
Average -5.127 -1.17 
Std 0.7605 0.05568 
 
Table 5.2: The Zeta potential measure for PCL nanoparticles and PCL-PEG Core-shell 
nanoparticles dispersed the sample in 10 mM NaCl solution before measurement.   
 
Zeta potential of optimized nanoparticle was measured using a Zetasizer (Nano-ZS, 
Malvern Instruments Ltd., UK). It is shown that the PEG modification was successfully 
reduce the surface charge of PCL nanoparticles from -5.127 ± 0.76 mv to -1.17 ± 0.056 
mV after disperse the nanoparticles into 10 mM NaCl solution, which is indicating 
effective grafting of PEG on the surface PCL core. 
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Figure 5.17:  Gd doped PCL-PEG nanoparticles fabricated at different humidity (a) 70% (b) 50 % 
(c) 30 % (d) 20 %. The concentration of PCL is 0.1 %, the flow rate is 0.2 mL/hr/0.05 mL/hr 
(Core/shell), the distance is 10 cm and the voltage is 13 KV.  
 
We also study the humidity effect to the sizes of nanoparticles, the morphology was 
shown in the SEM images in the Figure 5.17.  It is shown that the residue PEG emerges in 
the sample fabricate in the high humidity condition potentially due to the swelling property 
of PEG at high humidity condition in (a) and (b). The sizes were decreasing with decreasing 
of the humidity and the PEG residue was observed at the high humidity condition resulting 
from the slow evaporation rate at high humidity condition. 
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Figure 5.18.  PCL-PEG Core shell nanoparticles collected with (a) normal and (b) oblique angle 
(30 degree), Gd doped PCL-PEG Core-shell nanoparticles collected with (c) normal and 
(d)oblique angle (30 degree). The concentration of PCL is 0.1 %, the flow rate is 0.2 mL/hr/0.05 
mL/hr (Core/shell), the distance is 10 cm and the voltage is 13 KV. 
 
Furthermore, we develop oblique electrospray strategy with a condenser plate reject 
the electrospray nanoparticles in the middle. The shifting from normal is about 30° as 
shown in Figure 5.18. The morphology of nanoparticles fabricated with oblique 
electrospray was shown in Figure 5.18 (b, d) Compared to the normal electrospray, the 
average size of PCL-PEG nanoparticles fabricated at an angle was reduced from 226.7 nm 
to 184.5 nm and from 223.4 nm to 127.8 nm for the Gd-PCL-PEG based on the SEM 
analysis. 
The sizes of PCL-PEG nanoparticles with and without Gd dispersed in EtOH were 
further characterized with DLS. It is shown in the table 5.4 that the sizes of nanoparticles 
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decrease from 217.53 ± 16.93 nm to 178.13 ± 13.35 nm for PCL-PEG and from 235.43 ± 
24.02 nm to 156.6 ± 14.39 nm for Gd-PCL-PEG. It reveals that the oblique electrospray 
strategy can effectively reduce the sizes and distribution both for the PCL-PEG and Gd 
doped PCL- PEG nanoparticles which was proved not only from SEM but also for the DLS 
measurement.  
 
 
Figure 5.19. Schematic configuration image of Coaxial electrospray set up. 
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PCL-PEG in EtOH (nm) Normal Oblique 
 209.3 187.8 
 206.3 162.9 
 237 183.7 
Average 217.5 178.1 
Std 16.93 13.35 
 
Table 5.3: DLS measurement of PCL-PEG and Gd-PCL-PEG nanoparticles measurement in the 
EtOH. The concentration of PCL is 0.1 %, the flow rate is 0.2 mL/hr and 0.05 mL/hr (Core/shell), 
the distance is 10 cm and the voltage is 13 KV. 
 
Gd-PCL-PEG in EtOH (nm) Normal Oblique 
 217.4 154.3 
 226.2 143.5 
 262.7 172 
Average 235.4 156.6 
Std 24.02 14.39 
 
Table 5.4: DLS measurement of Gd-PCL-PEG nanoparticles measurement in the EtOH. The 
concentration of PCL is 0.1 %, the flow rate is 0.2 mL/hr and 0.05 mL/hr (Core/shell), the distance 
is 10 cm and the voltage is 13 KV. 
 
In order to concentrate and exchange the dispersion solution from EtOH to PBS 
solution, we transfer the EtOH to the 30000 MWCO membrane centrifuge tube (Amicon). 
Initial 4 mL solution was concentrated to 100 ul with spinning at 4500 rpm for 5 min.  The 
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nonbonding PEG and Gd will be filtered out with only nanoparticles left above the filter. 
Then we keep adding the nanoparticles EtOH dispersion followed by centrifuge until a 
desired concentration was achieved. Then we add 4 mL water then centrifuge again. The 
washing process was repeating for 3 times to remove residue ethanol and PEG. In the final 
run, the nanoparticle water dispersion was filtered with 450 nm filter and then centrifuge 
to obtain about 100 uL concentrated solution. Then PBS solution was added to dilute the 
nanoparticles dispersion solution then left for 1h to achieve homogenous solution followed 
by the DLS measurement. The final solution diameter is 92.13 ± 4.79 nm.  
 
Gd-PCL-PEG(nm) EtOH Water after filter PBS 
 142.5 113.0 86.6 
 104.7 96.3 94.5 
 138.2 115.1 95.3 
Average 128.5 108.2 92.1 
Std 20.69 10.26 4.794 
 
Table 5.5: Core-shell nanoparticles size distribution in EtOH, water after filtered with 450 nm 
membrane and then re-dispersed in the PBS solution. The concentration of PCL is 0.1 %, the flow 
rate is 0.2 mL/hr/0.05 mL/hr (Core/shell), the distance is 10 cm and the voltage is 13 KV. 
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Figure 5.20: Inversion recovery (IR) measurement of Gd doped Core-shell nanoparticles with 
different concentration. The brightness Intensity change at relaxation time is ranging from 75 ms 
to 3000 ms with comparison to pure DI water and 1:500 and 1:5000 dilution of Gd commercial 
reagent. The concentration of PCL is 0.1 %, the flow rate is 0.2 mL/hr/0.05 mL/hr (Core/shell), 
the distance is 10 cm and the voltage is 13 KV. 
 
The optimal Gd doped PCL-PEG nanoparticles were characterized with the MRI 
test. Two Gd-PCL-PEG nanoparticle samples doped with different Gd doping level was 
prepared (1 % v/v Gd in PCL precursor solution, 0.1 % v/v Gd in PCL precursor solution). 
Gd doped PCL-PEG nanoparticle samples were characterized with inversion recovery (IR) 
sequence. IR is sensitive to T1 changes of Gd. Pure DI water and various dilution of stock 
(0.5 mmol/ml) MultiHance were used a reference for IR. As shown in Figure 5.20, each 
image corresponding to a different inversion recovery time. From slice 1 to 10, T1 
increases. In other words, the higher concentration of Gd, the sooner the signal gets dark. 
It is shown in the slice that the sample with high doping samples (1% Gd doped) becomes 
dark quicker than the other sample (0.1 % v/v Gd doped) which is similar to 1: 500 dilute 
Gd aqueous solution. And the decay rate of 0.1 % v/v Gd doped sample is similar to 1: 
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5000 dilute Gd solution. The ratio of doping level is in good agreement with the 
concentration of the MRI reference sample, which demonstrates good encapsulation of the 
Gd reagent. Besides that, we found gadolinium has an emission peak around 570 nm, which 
offers an opportunity of applying optical imaging method to assist the MRI. 
 
5.5 Conclusion 
In this thesis work, we successfully demonstrated plasmon-enhanced 
biocompatible dye (Evan’s blue) emission in the biodegradable PCL nanoparticles by 
codoping with Au NPs with diameter of 10 nm. The enhanced Photoluminescence of co-
doped nanoparticles has been addressed both in the solution and thin film on silicon wafer. 
Furthermore, we developed the first MRI reagent doped PCL (Core)-PEG (shell) core-shell 
nanoparticles and optimized their size distribution (100-200 nm) and dispersion properties 
in PBS solution. The presence of Gd in the nanoparticles and Gd concentration have been 
characterized with IR test. This thesis work sets the foundation for the design and 
optimization of a novel class of plasmonic active multi-contrast bioimaging systems based 
on electrospray biodegradable and biocompatible nanocapsule. 
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Chapter 6 
6. Ag cylindrical nanotrough networks for biosensing 
6.1 SERS background and Introduction  
Since its discovery nearly 40 years ago, Surface-Enhanced Raman Scattering 
(SERS) has stimulated a great research effort ranging from analytical chemistry to life 
science and environmental science 153-155. In SERS spectroscopy the intensity of individual 
vibrational signals can be enhanced up to 10 orders of magnitude when molecules are 
placed on or near a rough metal surface 155. Its superior sensitivity down to the single 
molecule level and its capability to provide fingerprinting spectra makes SERS a very 
powerful and non-destructive approach for rapid molecular detection and identification 156. 
Excitation of localized surface plasmon resonances on roughened metal substrates and the 
accompanying strong electric (E-) field localization was shown to provide the major 
contribution to the SERS enhancement effect 157,158. Therefore, extensive efforts have been 
made to design and control different nanostructures of noble metals (mainly Au or Ag) 
ranging from 2D aperiodic particle arrays 159 to nanopillars, nanoholes, nanodiscs, 
nanorings, and nanopetals 160-164 to nanoparticles assembled in 3D templates, and 
corrugated bipyramidal microcrystals 165-170. These SERS substrates are commonly 
fabricated using controllable methods like electron beam lithography, nanosphere 
lithography, and focused ion beam patterning and produce ensemble-averaged Raman 
enhancement factors >107 with good reproducibility. However, the high cost, lack of 
Parts of this chapter were published as:  
R. Zhang, Y. Hong, B. M. Reinhard, P. H. Liu, Ren Wang and L. Dal Negro, " Plasmonic nanotrough 
networks for scalable bacterial Raman biosensing", Submitted 
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scalability, and poor integration with biomedical devices greatly limit their use to 
specialized spectroscopic applications 171. Therefore, it remains highly desirable to develop 
plasmonic active functional materials with tunable and enhanced SERS responses using 
inexpensive fabrication methods that guarantee the integration into versatile devices over 
a relatively large area in a simple and cost-effective manner. 
In the past few decades, great efforts have been made by many groups to make 
SERS substrates suitable for scalable devices by depositing metal structures on PDMS or 
PET using E-beam evaporation or sputtering 170,171. Among various proposed solutions, 
polymer-based nanofibers are particularly interesting due to their mechanical strength, 
flexibility, and bio-compatibility, especially when combined with cost-effective 
electrospinning techniques that do not require hazardous chemicals 172-175. This approach 
has not only attracted increasing attention for applications to light generation, confinement, 
guiding, and fluorescence sensing, but it also holds the potential to be applied to SERS 
substrates for molecular detection 176-180. For example, He and colleagues developed 
scalable SERS substrates by incorporating metal nanoparticles in electrospun nanofibers 
171. However, their approach uses the nanofibers as a matrix to support material 
nanostructures, which limits their sensing volume to only small molecules and it is 
potentially affected by the working environment and the swelling ratio and degradation of 
the polymer. Camposeo and colleagues deposited gold nanorods on the surface of 
electrospun polymer nanofibers to enhance the intensity of Raman scattering 181. However, 
the need for high-density nanorods poses a significant challenge for the development of 
high-throughput SERS substrates. Metal coated templates based anodic aluminum oxide 
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(AAO) nanochannels or electrospun fibers have also been investigated by researchers 183. 
However, all these studies have not demonstrated the successful removal of the template 
material without effecting the sensing structure, which significantly reduces the integration 
of SERS substrates with cost-effective devices. In recent years, Cui’s group has developed 
a new type of TCO surface by using an electrospinning fiber network as a template, and 
showed excellent conductivity, robustness and transparency when coupled to various 
substrates 184. However, plasmonic optical and sensing capabilities have not been reported 
for these types of novel alternative transparent electrodes.   
 
 
Figure 6.1. (a) Schematic figure of the procedure for fabricating Ag cylindrical nanotrough 
structures. (b) Configuration of electrospinning system for the nanofibers template. (c) SEM images 
of HPC nanofibers and (d) 30 nm thick Ag nanotrough after coating HPC nanofibers with Ag and 
dissolving HPC, the inset shows the hollow structures of an individual Ag nanotrough structure. 
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In this thesis, by successfully removing the template materials and thus creating 
plasmonic tunable highly interconnected structures, we successfully demonstrate 
networked Ag nanotroughs (concave Ag nano shells) by controllable electrospun 
nanofibers and develop a novel type of scalable, cost-effective plasmonic functional 
materials that can be successfully utilized as SERS substrates. In our previous work, high-
quality nanofibers were obtained from solution-based processing materials composed of 
cellulose, which is the most abundant biopolymer on Earth. Hydroxypropyl cellulose 
(HPC), a cellulose derivative that is soluble in both water and organic solvents, was utilized 
to fabricate the HPC nanofiber template via electrospinning 175,176. We discovered that after 
coating a single HPC nanofiber with a thin layer of Ag (~30 nm) via thermal evaporation 
followed by the dissolution of the polymer core in water, a concave metal nanotrough 
structure remains firmly attached to the substrate (Figure 6.1). Based on this principle, 
instead of a single isolated nanofiber, a non-woven network of cellulose nanofibers was 
used successfully as a sacrificial template for Ag deposition and fabrication of Ag 
cylindrical nanotrough networks (CNNs). The high degree of interconnectivity among the 
nanofibers in the film gives rise to a stable and tunable plasmonic response that can be 
harnessed effectively for SERS-based applications, and it also provides a suitable 
environment for the attachment of bacterial cells. In this paper, we characterize the optical 
scattering spectra and Raman signal intensity enhancement as a function of the nanotrough 
diameter on a single nanotrough and on randomly networked structures. Finally, by 
performing Principal Component Analysis (PCA) statistical procedure on a large number 
of measured SERS spectra (>40 spectra per bacterium) we demonstrate successful spectral 
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discrimination between three types of Escherichia coli (E. coli) bacteria, i.e., E. coli K12/ 
E. coli DH 5α and E. coli BL21(DE3). Our results offer an alternative approach for rapid 
bacterial diagnostics based on portable devices, which is of great importance for improving 
the treatment outcomes of serious infections and ensuring the appropriate use of 
antibiotics185.  
 
6.2. Fabrication of Ag CNNs 
Electrospinning technology is a versatile and facile nanofabrication method that is 
able to generate fibers with a diameter ranging from a few tens to hundreds of nanometers 
using a number of materials 175,176. In our approach, a special cellulose derivative was 
chosen for its solubility in water and other organic solvents. Specifically, 50% HPC 
(purchased from Sigma, MW: 100,000 g/mol) aqueous solution was poured into a 10 mL 
syringe (diameter 18.94 mm) fitted with a 20-gauge stainless steel needle. Then the syringe 
was transferred to an infusion syringe pump (Braintree Scientific) with the needle 
connected to the positive high power source (gamma high voltage). Controlled by the 
syringe pump, the HPC precursor was pushed continuously to the needle tip with a flow 
rate of 0.4 mL/h. Driven by the high voltage (18 kV) between the nozzle and the metal 
plate collector, the precursor was ejected from the nozzle and HPC nanofibers were formed 
in the flight after solvent evaporation. The charged nanofibers were further neutralized at 
the grounded collector, forming either a thin layer of individual nanofibers or random non-
woven nanofiber networks, depending on the different deposition time. Generally, the 
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grounded collector can be any conductive substrate such as aluminum foil, a silicon wafer, 
or indium tin oxide (ITO) substrate. Afterward, a thin layer of Ag (~30 nm) was deposited 
onto the nanofibers via thermal evaporation. Because of the deposition directionality of 
thermal evaporation and the resulting shadowing effects, Ag tended to coat only the top 
side of the polymer nanofibers. After the cellulose portion was dissolved in water, only the 
concave Ag nano shell was left on the substrate (i.e., the Ag nanotrough structure). This is 
demonstrated in the scanning electron microscopy (SEM) image in Figures 6.1c and d, 
which show an individual HPC nanofiber before deposition and an individual Ag 
nanotrough after depositing a thin layer of Ag and the removal of the HPC core. In order 
to directly demonstrate the nanotrough (shell) structure, we have cut our sample across the 
Ag nanotrough. A hollow concave structure was clearly revealed on the edge of the scratch 
across the nanotrough, which also proved the complete removal of the cellulose core. 
6.2 Dark-filed Scattering characterization and SERS measurement 
Scattering images of the Ag nanotroughs were recorded using an upright 
microscope (Olympus BX51 WI). The sample was illuminated with unpolarized white light 
from a 100 W tungsten halogen lamp using an air dark-field condenser in transmission 
mode. The light scattered from the Ag nanotroughs was collected with 60X air objective 
(NA = 0.65) and imaged using a digital camera with an active area of 620×580 pixels. The 
microscope was also equipped with a 150 mm focal length imaging spectrometer (Acton 
Research, InSpectrum 150) and a back-illuminated CCD detector (Hamamatsu INS-122B) 
that enabled the spectral analysis of the scattered light using a 150 lines/mm grating. The 
scattering spectra were background corrected by subtraction of the scattering signal from 
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an equal-sized, adjacent area without any structures. The scattering spectra were 
additionally corrected by the excitation profile of the white light source.    
A Renishaw Raman microscope (model RM-2000) capable of ~2λ spatial 
resolution was used to observe the scattering excited by a 532 nm diode laser. The 
frequency calibration was set by reference to the 520 cm-1 silicon phonon mode. To 
characterize SERS performance on the Ag cylindrical nanotrough, pMA was used. Samples 
were immersed in 4 mM pMA ethanol solution for 2h before rinsed with ethanol and dried 
with a flow of nitrogen gas. A 100X objective was used for signal collection. SERS spectra 
were acquired with incident laser powers at 16.1 µw and each spectrum was constructed 
from average of three 10 s exposures on same spot for a total exposure time times of 10 s.   
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6.3 Scattering Property and SERS measurement of individual Ag nanotroughs.  
Influence of the diameter (D) of a single Ag nanotrough on the scattering spectra 
 
Figure 6.2. (a) Measured dark-field scattering spectra of a single Ag nanotrough with different 
diameters. (b) The relation between diameter of isolated nanotroughs and peak positions of dark-
field scattering spectrum. (c) FDTD simulations of the scattering spectra (normalized to 1 in each 
case) of isolated Ag nanotroughs with different diameters, with color corresponding to 
experimental results in panel (a). (d) Shows the simplified model of Ag nanothrough with external 
diameter D and thickness of 30 nm on an ITO substrate (refractive index=1.8), pumped by linearly 
polarized plane wave with transverse electric field at normal incidence. 
In order to characterize the optical response of the single isolated Ag nanotrough, 
we measured the scattering properties of Ag nanotroughs with different morphology using 
dark-field scattering microscopy in a standard setup with a 100 W tungsten halogen lamp. 
175,176 Figure 6.2a shows representative scattering spectra measured on individual Ag 
cylindrical nanotroughs with varying diameters collected at 10 different randomly chosen 
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positions on the sample. The measured scattering peak resonance wavelengths of 
nanotroughs were plotted as a function of Ag half-shell diameter (D), and the error bar was 
calculated by measuring the diameter of nanoshell at different positions along the same 
nanotrough, as shown in Figure 6.2b. In particular, figure 6.2b demonstrates a red shift of 
the scattering peak from 494 nm to 687 nm as D is increased from 183 nm to 621 nm. This 
significant red shift of the spectral response of the Ag nanoshell is due to the plasmonic 
response of the film, which was also confirmed by our 3D finite-difference time-domain 
(FDTD) simulations34. Specifically, we modeled a long (10 microns) Ag nanotrough 
structure placed on atop the ITO substrate, which reproduced the actual morphology of the 
measured samples. Figure 6.2c shows the calculated results using the FDTD method. We 
used a normally-incident and linearly polarized plane wave illumination with an electric 
field in the transverse plane (x-y plane). In our simulations we also included the effect of 
the ITO substrate with a refractive index measured using spectroscopic ellipsometry. The 
relevant geometrical parameter of a single Ag nanotrough is the external diameter D, as 
illustrated in figure 6.2d. The computed red shift in the scattering peak is in good agreement 
with the measured dark-field scattering resonant peak for a large set of measured 
geometrical parameters. 
 
Influence of the diameter (D) of a single Ag nanotrough on the SERS performance 
In the SERS measurements, para-mercaptoaniline (pMA) was used as a test analyte 
to study quantitatively the influence of geometry of individual Ag cylindrical nanotrough 
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to the SERS signal from pMA molecules adsorbed on the surface. The Ag nanotroughs 
were immersed in a 4 mM pMA ethanol solution for 2 h to form a uniform monolayer on 
the Ag surface. Then the prepared sample was rinsed with ethanol and then transferred to 
a Renishaw Confocal Raman Microscope for the SERS measurement using a 532 nm line 
for the excitation. The pump power and the acquisition time were kept at 16.1 µW and 30s, 
respectively, which is suitable for high-throughput detection that does not modify the Ag 
nanoshell. All subsequently reported SERS measurements were performed with these 
acquisition parameters unless otherwise stated. In order to build a direct relationship 
between the SERS performance and the scattering spectra of individual Ag nanotrough, we 
measured the scattering properties and the SERS performances on nanotroughs fabricated 
with different Ds. 
 
Figure 6.3. (a) SERS spectra of pMA adsorbed on the surface of individual Ag nanotroughs with 
different diameters. In the inset we show the intensity of the peak at 1077 cm-1 for each sample. 
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  Figure 6.3 shows all pMA SERS spectra from Ag isolated cylindrical nanotroughs 
with different values of D ranging from 183 nm to 621 nm, corresponding to the same Ag 
nanotroughs that were measured in the previous scattering measurement. Two factors 
contributed to the SERS intensity with varying Ds. First is the amount of pMA molecules 
attached to the structure in the detection area. Here, we assume that the Ag nanoshell 
structure has a half cylinder shape that is hollow inside (i.e., a cylindrical nanotrough, as 
shown in figure 6.1) so that the total SERS active area will increase by increasing D. 
Secondly, the Raman signal enhancement generated by the plasmonic nanostructures 
reaches its maximum value when the excitation wavelength matches the plasmonic 
resonances of the corresponding substrates 175. The scattering resonant peak wavelength 
approaches the laser excitation wavelength (532 nm) when the diameter D of nanotrough 
is decreased from 631 nm to 183 nm. The increasing overlap between the excitation 
wavelength and the scattering peak boosts the local field enhancement and the resulting 
SERS detection signal 33. However, we should keep in mind that the scattering intensity 
of nanotrough with D =183 nm is much weaker (~10 fold) due to the reduced number 
density across the sample.  In order to quantitatively compare the SERS intensity 
enhancement factor for the nanotroughs with different Ds, the intensity obtained for the 
1077 cm-1 of pMA on the Ag nanoshell was measured at different points along the 
nanotrough. In the inset of Figure 6.3, the signal intensities were plotted as a function of 
D, and the SERS signal intensity was found to reach its maximum for the Ag nanotroughs 
with Ds of 273 nm and 318 nm. The nanotroughs with D larger than 318 nm showed lower 
intensity because their plasmon resonance peak is significantly detuned from the excitation 
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wavelength. On the other hand, the SERS signal of nanotrough with D=183 nm decreases 
due to its lower scattering efficiency and significantly reduced active volume compared to 
the nanotroughs with larger D.  
6.5 Scattering property and SERS performance of Ag CNNs 
 
Figure. 6.4. (a) SEM images of (a) Left top: HPC nanofiber networks, Bottom: Ag CNNs after 
fabrication, Right top: the hollow half shell structures of Ag CNNs. (b) SEM images of the Ag 
CNNs fabricated under different humidity levels as written in the panels. (c) Representative 
scattering spectrum of a Ag CNNs sample fabricated under 55% humidity fitted with a two-peak 
Gaussian model. Red curve is the fitting curve (d) Ratio of the areas of the two Gaussian fitting 
curves (area of Gaussian with peak 1 divided the area of the Gaussian with peak 2) for different 
humidity conditions. 
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For applications to single bacterial detection, we fabricate a highly interconnected 
Ag CNNs that increases the entrapment of bacteria. The morphologies of the HPC random 
network template and of the Ag CNNs are shown in Figure 6. 4a. We notice that the Ag 
CNNs nanotrough structure obtained by coating the HPC networks with Ag and then 
dissolving the core preserves the same morphology of the HPC network (Inset of Figure 6. 
4a right). The thickness of the Ag layer is held constant at around 30 nm. The Ag layer 
needs to be thick enough to sustain this concave structure and to maintain the integrity of 
the nanotrough network after the cellulose has been dissolved. One the other hand its 
thickness needs to be small enough in order to support localized plasmon modes on the 
substrate, which are essential for efficient SERS detection. We found that the humidity 
conditions during the electrospinning are a significant factor contributing to the average 
diameter of HPC nanotroughs. Different Ag CNNs samples were fabricated by applying 
controlled electrospinning humidity of 20%, 40%, 55%, and 70% (Figure 6.4b). The 
average diameter was measured and calculated from the SEM images and then plotted as 
a function of humidity. Figure 6.5e shows that the average diameter decreases from 582 
nm to 272 nm when increasing the humidity from 20% to 70%. Investigating the scattering 
property in dark-field, a broad scattering peak emerged in the scattering spectra for all the 
samples due to the large dispersion of sizes of Ag nanotroughs in the random networks 
(Figure 6.4c). To better understand the scattering property of the Ag CNNs, we fit the 
scattering spectrum using a multiple-peak model.  Figure 6.4c shows that scattering 
spectrum is well reproduced using a two-peak Gaussian model (Peak 1 is centered around 
480 nm and Peak 2 around 650 nm), which reflects the excitation of two main plasmon 
  
114 
modes associated to the binomial size distribution of the CNN sample. In order to 
investigate the effect of humidity to the scattering property, we plot the ratio of the areas 
of the two Gaussian fitting curves (area of Gaussian with peak 1 divided the area of the 
Gaussian with peak 2) for different humidity values (Figure 6.5d). We find that the ratio 
increases by increasing the humidity, resulting in larger scattering intensity around the 
excitation wavelength for the sample fabricated under the highest humidity conditions. 
 
Figure 6. 5 (a) Dark-field scattering image of the Ag nanoshell with different diameter (Spot A 
(green) and spot B (red) ) (b) Dark-field spectra of Ag CNNs fabricated under different humidity. 
(c) The Ag CNNs structure on the ITO glass (left) the microscopic image of Ag core shell structure 
(right). (d) Stability test was conducted by measuring the SERS signal of a PMA on the 10 different 
random spots on the Ag core shell structure electrospun under humidity of 70%.  
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Figure. 6.6. The SERS signal of pMA was measured on Ag CNNs fabricated under different 
electrospinning humidity conditions according to: (a) 20 % (b) 40 % (c) 55 % (d) 70 %; (e) The 
relation between the humidity and average diameter of Ag CNNs. (f) The peak intensity at 1077 
cm-1 in SERS spectra corresponding to (a-d). SERS signals were measured at different locations on 
each sample in order to estimate the error bars. 
 
 SERS measurements on pMA are performed using the same procedure described 
before. The SERS spectra are presented in Figure 6.6a-d where 10 different random spots 
were used on each Ag CNNs sample to obtain an average value. In Figure 6.6f we show 
the average intensity at 1077 cm-1 plotted as a function of humidity. Comparing the average 
size of the samples with the single nanotrough scenario, the SERS signals on the samples 
fabricated with 40%, 55%, and 70% humidity are in good agreement with the trend of 
SERS intensity versus the different D measured for isolated nanotroughs. This is evidence 
that the Ag CNNs maintain similar levels of SERS performances even when forming an 
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interconnected random network. Moreover, a more compact uniform network structure was 
achieved by performing electrospinning in high humidity conditions, as supported by the 
smaller standard deviation in the average diameter of the nanotrough structures (Figure 
6.6e). In addition, this compact network structure results in a larger active volume for the 
pMA molecule at the excitation spot and it increases the reproducibility of the SERS signal 
across the samples (Figure 6.6f).  In order to quantify the level of reproducibility of the 
SERS signal on our sample, we measured SERS spectra of pMA on 10 different randomly 
selected points on the Ag CNNs and calculated the relative standard deviation (RSD) over 
the main peak intensity181. The Raman intensity of pMA at 1077 cm-1 was utilized to 
calculate the RSD value of 0.196 (Figure 6.5 d), which shows a good reproducibility over 
a large scale. 
 
6.6 Bacterial strains differentiation and sensing 
Bacteria growth and sample preparation 
Specifically, three bacterial strains (E. coli K12, E. coli DH 5α and E. coli 
BL21(DE3)) were cultured in the lysogeny broth (LB) and heart infusion broth overnight 
respectively. Then 1 mL of each of solution was taken and washed with saline (0.9% 
Sodium Chloride aqueous solution) 3 times and then dispersed in 1 mL of saline solution. 
The samples were then immersed into the different bacterial suspensions in saline solutions 
for 1 h and washed with DI water before SERS measurement. 
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Bacterial strains differentiation based on principle component analysis (PCA) 
Their facile and cost-effective fabrication make Ag CNNs particularly interesting 
for complex biosensing applications, such as cell-identification through spectral 
fingerprinting. Due to potential clinical applications and heightened biothreat concerns in 
recent decades, there is an increasing interest in developing SERS substrates for rapid 
detection and identification of whole bacterial cell with species and strain specificity 186,187. 
Given the distinctive distance dependence of field enhancement, SERS probes secreted 
molecules and metabolites as well as the components of the outer layer of bacterial cells, 
which provide great chemical selectivity 187,188. Thus, in principle, SERS can enhance both 
sensitivity and specificity of bacterial identification, which makes it a promising tool for 
bacterial diagnostics 189-191. Substrate surface morphology and bacterial binding affinity to 
the substrate are two important factors that impact the frequency intensity of the vibrational 
bands in SERS fingerprinting 188. 
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Figure 6. 7. (a) The Ag CNNs before (left) and after (right) being immersed in the E. coli saline 
solution. (b) SERS bacteria spectra measured at the location where bacteria are attached to the 
CNNs sample (A red) at the location without any bacteria attached (B black). SERS spectra also 
measured on Ag CNNs immersed only in the broth solution without any bacteria (C blue) for 
control. (c) The average normalized SERS spectra obtained from the E. Coli K12(red), E. coli 
BL21(DE3) (green) and E. coli DH 5α E(Blue) (d) PCA analysis for the SERS spectrum E. Coli 
K12, E. coli BL21 (green) and E. coli DH 5α E for 95 % confidential ring. 
 
In order to demonstrate the ability of the Ag cylindrical nanotrough to act as 
effective substrates for the observation of SERS spectra of bacterial cells, three different 
bacterial strains E. Coli K12/MG1655, E. coli BL21(DE3) and E. coli DH 5α were cultured 
and then washed and suspended in saline solution. E. coli DH 5α is a derivative of K12 and 
coli BL21(DE3) is a derivative of E. coli strain B which is different from E. coli K12 38. 
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The Ag CNNs bacterial SERS sensors were fabricated under 70 % humidity and immersed 
in the suspensions of three type of different E. coli respectively for 1 h and then washed 
using DI water afterwards. SERS spectra excited at 532 nm were acquired. Each sample in 
the SERS measurement was illuminated by a small laser spot (~800 nm) at 532 nm. SERS 
spectral of bacterial were taken at 40 different random locations for each of the bacterial 
strains. Considering the average sizes of the bacterial cells and the surface coverage with 
bacteria (see Figure 6.6a), we estimate that only one or two E. coli bacteria occupy the laser 
spot. Compared to the area without bacteria (black curve in 7b), we find that quantifiable 
SERS spectra were unambiguously detected from the bacterial cells adsorbed on the 
surface of Ag CNNs (red curve in Figure 6.6b). For control purposes, SERS measurements 
were also carried out for the Ag CNNs immersed in the broth without any bacteria (blue 
curve in Figure 6.6b). The spectra do not contain any characteristic spectral features, which 
prove that the broth alone does not influence the SERS measurement of the surface-
attached bacteria. The SERS spectra of in Figure 6.6c show many common spectral features. 
However, when the number of measurements is sufficiently large (> 40 spectra per 
bacterium in our case) systematic differences in the intensity and frequency of individual 
spectral peaks can be rapidly identified and detected using the statistical multivariate 
analysis method know as Principle component analysis (PCA). 182-184 PCA is a common 
chemometric technique routinely applied for rapid and autonomous classification or 
grouping of bacteria on the basis of their spectral fingerprints 191.   Based on the sign of the 
second derivative of the SERS spectra, the SERS spectra are thus reduced to a series of 
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zeroes and ones (i.e., barcodes) that are fed as to the PCA providing sensitive and specific 
classification of bacterial strains.  
 In our case, the ability of the Ag CNNs materials to differentiate between the three 
bacteria strains was demonstrated by performing PCA analysis using the Matlab PCA 
Toolbox (Eigenvector Research, Inc) based on SERS spectra collected from 40 random 
areas for each bacteria sample. The spectra were normalized to the maximum intensity 
channel and then smoothed with a SavitzkyGolay filter195. The PCA reduced the 
dimensionality of each spectrum from 1400 independent variables to 5 principle 
components (PCs). As shown in Figure 6.7d where we plot the PC2 versus the PC1, the 
SERS signatures of E. coli K12/ E. coli DH 5α and E. coli BL21 (DE3) on the Ag CNNs 
cluster appear very well-separated and localized within non-overlapping regions shown in 
Figure 6.7d. The highlighted ellipses in each of the cluster regions correspond to 95% 
confidence intervals centered on the mean for each strain cluster. On the contrary, the SERS 
signature of E. coli K12 and its derivative E. coli DH 5α were found to form overlapping 
cluster regions which result from the similar SERS spectra in Figure 6.7c. The clear 
separation achieved between different strain clusters and overlapping between origin type 
and its derivative prove that the Ag CNNs are suitable to achieve scalable biodetection and 
rapid spectroscopic identification of different bacterial strains.  
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6.7 Conclusion 
This study demonstrates scalable plasmonic functional materials that can be used 
as SERS substrates driven by the tunable plasmonic response of Ag CNNs templates. These 
materials are fabricated by facile electrospinning of environmentally friendly cellulose 
nanofiber templates followed by metal evaporation and HPC dissolution. The cost-
effective electrospinning technique is utilized as a sacrificial template for the engineering 
of novel SERS substrates. The plasmonics resonances of fabricated materials are 
systematically controlled by the Ag cylindrical nanotrough diameters. Using the PCA 
multivariate statistical analysis on a large number of measured bacterial spectra, we 
demonstrate fingerprinting discrimination among three different type of bacteria (E. Coli 
K12, E. coli BL21 (DE3) and E. coli DH 5α). This approach offers significant advantages 
in SERS detection, including improved versatility, cost effectiveness, specificity, and 
scalability that are all key features for bacterial diagnostics compared to alternative SERS 
substrates technologies. 
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Chapter 7 
7. Au CNNs for plasmon-enhanced electrocatalysis  
7.1. Introduction of electrocatalysis  
Electrocatalysis is critical to the function of both anodes and cathodes in fuel cells, 
electrolyzers, electrofuels, and electrosynthesis systems. Over the last two decades, there 
has been a great deal of research studying nanostructured materials for improved 
electrocatalysis196-200 and photocatalysis (i.e. water splitting) 201-204. These studies have 
shown that structure can affect function in electrocatalytic systems and have resulted in the 
synthesis of a wide variety of electrocatalytic nanoparticles, but these systems have focused 
on electrocatalysis in dark reactors, since the design of current fuel cells and electrolyzers 
are flow through systems that make incorporation of light difficult. Therefore, there is a 
wealth of information on the structure/function relationship for electrocatalysis in the 
absence of light, but there have been only limited investigations on the role of light-induced 
resonant phenomena in electrocatalysis.  
Recently, there has been a substantial amount of research interest in utilizing light 
to enhance photocatalysis using plasmonically enhanced electromagnetic fields 205-207. 
These studies have utilized photocatalysts that support plasmonic resonances, so that the 
photocatalyst give rise to optically-induced localized surface plasmons and hot electrons 
208,209. Hot electrons are accompanied by large electric fields, can form charge carrier 
pairs or transfer to adsorbates on the surface, thus altering the activation energy for the 
photocatalytic reaction. Similar effects are expected in principle to be beneficial also for 
electrocatalysis. However, large surface area electrodes are difficult to fabricate using 
Parts of his chapter were published as:  
D. Chen, R. Zhang, R. Wang, L. Dal Negro and S. D Minteer "Core-shell gold nanofiber-based 
electrodes for plasmon-enhanced electrocatalysis" J. Electrochem. Soc., 163, 1132-1135 (2016) 
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traditional plasmonic nanostructures, since most nanomaterials are supported on carbon 
for increased surface area, but carbon absorbs light. Therefore, it is necessary to develop 
alternative strategies for forming high surface area plasmonic electrodes rather than 
supporting them on carbon. 
 
7.2. Au CNNs fabrication and characterization 
In the collaborative work with Professor Shelly Minteer (Utah University), we 
demonstrate the use of a novel plasmonically active electrodes based on a random network 
of core-shell Au nanofibers and we show enhanced electrocatalytic activity. A special 
derivative of cellulose, HPC (Hydroxypropyl cellulose) with solubility in both water and 
organic solvents, was used as a template to form the plasmonic electrodes by 
electrospinning, which is a low-cost and simple approach for forming complex plasmonic 
structures and arrays. 210,211 After coating the HPC nanofiber with a thin layer of Au and 
then dissolving the core, a metal half-shell remains firmly attached to the substrate, 
supporting distinctive plasmon resonances. Due to their high degree of interconnectivity in 
the film, the as-prepared core-shell nanofiber layers not only retain electrical conductivity 
similar to the Au bulk, 212 but also provide strongly enhanced optical transmission 
compared to bulk Au films. Moreover, their porous network structure provides a suitable 
environment for the infiltration of the chemicals (e.g., fuel, methanol) that need to be 
catalyzed.  
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Figure 7.1 (a) The Au CNNs fabricated with different concentration precursor. (b) The average 
diameter of Au CNNs. (c) The dark-field scattering of Au CNNs with different concentration of 
precursor. (d)The Peak position changed with different precursor concentration 
 
In detail, Core-shell Au CNNs were formed by electrospinning using a cellulose-
based polymer, the HPC nanofibers were fabricated with different concentration of 
precursor from 30 % to 60 %. Instead of evaporate 30 nm Ag shell, we deposit 7 nm Au 
film on the surface of cellulose nanofibers. The morphology of the Au nano core-shell 
nanofibers observed by SEM is shown in Figure 7.1(a), which shows a randomly connected 
Au nanofiber network.  The average diameter of Au CNNs is ranging from 184 nm to 643 
nm. However, the Au nanotroughs fabricated with 60 wt. % precursor were tend to bent or 
broken resulting from their large diameter and uniform morphology. The as fabricated Au 
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CNNs were further characterized with dark-field microscopy. It is shown in Figure 7.1 that 
a broad peak was obtained and the peak position is red-shifted from 680 nm to 740 nm 
when the diameter is increasing. However, the peak position of Au CNNs fabricated with 
60 % precursor decrease which is possible due to relatively large defects density.  
 
Figure 7.2. Simulation setup and results of Au nano half-shell using finite-difference time-domain 
(FDTD) method. (a) shows the simplified model of a Au half-shell with external diameter D and 
thickness h on an ITO substrate (refractive index = 1.8), pumped by linearly polarized plane wave 
with transverse electric field at normal incidence. (b) is a representative electric field plot of the 
mode at 738nm for a structure with D = 250nm and h = 7nm. The color bar shows the electric field 
enhancement, normalized to the amplitude of the incident electric field. (c) shows scattering 
efficiency shift due to varying D, for fixed h=7nm. (d) shows scattering efficiency shift due to 
varying h, for fixed D = 250nm.  
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In order to better understand the origin of the resonant peak in the measured dark-
field scattering data, we modelled a long (10 microns) Au nano half-shell structure placed 
atop an indium tin oxide (ITO) substrate, which reproduces the actual morphology of the 
measured samples. Figure 7.2 shows the simulation geometry and the calculated results 
using 3D finite-difference time-domain (FDTD) method. As shown in Figure 7.2(a), we 
use a normally-incident and linearly polarized plane wave illumination with electric field 
in the transverse plane (x-y plane). In our simulations we also included the ITO substrate 
with a measured refractive index n=1.8. The relevant geometrical parameters of a single 
Au nano half-shell are the external diameter D and shell thickness h (Figure 7.2(a)). The 
values of these two parameters are measurable and chosen to be consistent with the values 
extracted from SEM data on the actual samples. Figure 7.2(b) shows the electric field 
distribution in the near field of an Au half-shell responsible for the observed peak in the 
dark-field scattering spectrum (738 nm). The computed field distribution demonstrates the 
excitation of an electric multipole mode that resonates along the length of the Au nano half-
shell. Figure 7.2(c) shows the calculated scattering efficiencies (scattering cross-sections 
normalized to the physical cross-sectional area of the nano half-shell in the z-x plane), for 
structures with fixed h = 7 nm and varying D. As D increases, we observed redshift in the 
scattering peak, as expected for nanofiber-based plasmonic systems. Moreover, Figure 
7.2(d) shows that the peak of the scattering efficiency redshifts as h decreases due to the 
excitation of coupled surface plasmon modes. From our calculated scattering efficiency 
results demonstrate we can see that, when considering a nano half-shell with D = 250 nm 
and thickness of 7nm, the scattering peak occurs around 738nm, which is in qualitative 
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good agreement with the measured dark-field scattering spectra (740nm peak) with 50 wt% 
precursor and fully compatible with the measured geometrical parameters obtained from 
the SEM analysis.  
Therefore, we choose the Au CNNs fabricated with 50 wt. % precursor for the 
electrocatalysis. The average diameter of Au nanofibers is measured to be 253 nm with a 
standard deviation of 29 nm and the shell thickness value is measured to be 7nm. An SEM 
image collected at an angle is shown in the inset of Figure 7.3(b), which demonstrates the 
core-shell structure of the fabricated samples. After fabrication, a thin layer of Au nanofiber 
film (1-2 μm thick) was deposited onto an ITO plate and used as the working electrode in 
all of the electrochemical experiments described below. The scattering spectrum of the 
sample is shown in Figure 7.3(c) and it features a broad peak around 740 nm that 
corresponds to the excitation of localized surface plasmons supported by the fabricated half 
shell, as confirmed by the simulation results discussed below.  
  
  
128 
 
Figure 7.3. (a) Core-shell Au nanofiber fabrication process. (b) SEM micrograph of a fabricated 
electrode. (c) Measured dark-field scattering spectrum of a representative Au core-shell nanofiber 
sample.   
 
In order to better understand the origin of the resonant peak in the measured dark-
field scattering data, we modelled a long (10 microns) Au nano half-shell structure placed 
atop an indium tin oxide (ITO) substrate, which reproduces the actual morphology of the 
measured samples. Figure 7.3 shows the simulation geometry and the calculated results 
using 3D finite-difference time-domain (FDTD) method. As shown in Figure 7.3(a), we 
use a normally-incident and linearly polarized plane wave illumination with electric field 
in the transverse plane (x-y plane). In our simulations we also included the ITO substrate 
with a measured refractive index n=1.8. The relevant geometrical parameters of a single 
Au nano half-shell are the external diameter D and shell thickness h (Figure 7.3(a)). The 
values of these two parameters are measurable and chosen to be consistent with the values 
  
129 
extracted from SEM data on the actual samples. Figure 7.3(b) shows the electric field 
distribution in the near field of an Au half-shell responsible for the observed peak in the 
dark-field scattering spectrum (738 nm).. The computed field distribution demonstrates the 
excitation of an electric multipole mode that resonates along the length of the Au nano half-
shell. Figure 7.3(c) shows the calculated scattering efficiencies (scattering cross-sections 
normalized to the physical cross-sectional area of the nano half-shell in the z-x plane), for 
structures with fixed h = 7 nm and varying D. As D increases, we observed redshift in the 
scattering peak, as expected for nanofiber-based plasmonic systems. Moreover, Figure 
7.3(d) shows that the peak of the scattering efficiency redshifts as h decreases due to the 
excitation of coupled surface plasmon modes. From our calculated scattering efficiency 
results demonstrate we can see that, when considering a nano half-shell with D = 250 nm 
and thickness of 7nm, the scattering peak occurs around 738nm, which is in qualitative 
good agreement with the measured dark-field scattering spectra (740nm peak) and fully 
compatible with the measured geometrical parameters obtained from the SEM analysis.  
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7.3 Influence of the diameter (D) of a Au CNNs on the SERS performance 
 
Figure 7.4 (a) SERS measurement of PMA signal on Au CNNs fabricated with different 
concentration of precursors. (b) The peak intensity at 1077 cm -1 and its derivation of spectra in 
the SERS measurement. (c) SERS measurement of DNA signal of Au CNNs fabricated with 50 
wt% precursor. (d) The peak intensity at 1323 cm  
 
In the SERS measurements, para-mercaptoaniline (pMA) was used as a test analyte 
to study quantitatively the influence of geometry of individual Au cylindrical nanotrough 
to the SERS signal from pMA molecules adsorbed on the surface. The Au nanotroughs 
were immersed in a 4 mM pMA ethanol solution for 2 h to form a uniform monolayer on 
the Au surface. Then the prepared sample was rinsed with ethanol and then transferred to 
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a Renishaw Confocal Raman Microscope for the SERS measurement using a 780 nm line 
for the excitation. The pump power and the acquisition time were kept at 16.1 µW and 30s, 
respectively, which is suitable for high-throughput detection that does not modify the Au 
nanoshell. In order to build a direct relationship between the SERS performance and the 
scattering spectra of individual Au nanotrough, we measured the scattering properties and 
the SERS performances on nanotroughs fabricated with different concentration of 
precursors. Figure 7.4a shows all pMA SERS spectra from Au isolated cylindrical 
nanotroughs with different values of D, corresponding to the same Au nanotroughs that 
were measured in the previous scattering measurement. The scattering resonant peak 
wavelength of Au CNNs fabricated with 50 wt.% has resonant peak around 740 nm laser 
which has a large overlapping with the excitation wavelength (780 nm). The increasing 
overlap between the excitation wavelength and the scattering peak boosts the local field 
enhancement and enhances the SERS detection signal. In order to quantitatively compare 
the SERS intensity enhancement factor for the nanotroughs with different Ds, the intensity 
obtained for the 1077 cm-1 of pMA on the Ag nanoshell was measured at 10 different 
points. In the inset of Figure 7.4b, the signal intensities were plotted as a function of D, and 
the SERS signal intensity was found to reach its maximum for the Ag nanotroughs with Ds 
of 253 nm. Furthermore, in order to measure the SERS measurement of 2, 4-Dinitrotoluene 
(DNT) were performance on only Au CNNs fabricated with 50 wt% precursor. The Au 
nanotroughs were immersed in a DNT aqueous solution for 2 h and then rinsed with DI 
water for 3 times before SERS measurement. The SERS spectrum were shown in Figure 
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7.4 c and the intensity at 1330 cm-1 were plotted over the different DNT concentration 
which is showing a high linear relationship in Figure 7.4 d. (R=0.9994) 
                
7.4 Voltammetric evaluation of methanol and ethanol oxidation 
In order to determine the electrochemical surface chemistry of plasmonic structure, 
we measure the electrochemistry performance of Au core-shell nanofibers for electrodes 
in an alkaline electrolyte utilizing cyclic voltammetry. As shown in Figure 7.5, there are 
two oxidation peaks and one reduction peak in the absence of fuel (0.1 M NaOH). 
According to Burke et al. 213,214, there are two interpretations of the mechanism of gold 
electrocatalysis: activated chemisorption or the intervention of interfacial cyclic redox 
mediators, ie incipient hydrous oxide/adatom mediators (IHOAM).  A compact oxide 
monolayer (Au2O3) and a low density of porous hydrous oxides (Au2(OH)3-9) will form in 
the oxidation process of Au. The hydrous oxides are considered to be the IHOAM. Two 
types of hydrous Au (III) mediators (HO2 and HO1) emerge resulting from the alcohol 
oxidation in alkaline media and two oxidation peaks is corresponding to two active hydrous 
gold oxides. The alkaline redox behavior of Au core-shell nanofibers changes dramatically 
in the light compared to the dark condition. Under illumination, the reduction peak shifts 
to higher potential by 68 mV with a better defined shape, indicating the oxidative species 
formed under light are more easily reduced (ie more reactive). Moreover, the dip in the 
cathodic scan around 0.17 V under light is an indication of desorption of some surface 
species or oxidation of some species and thus the two hydrous oxides generate more easily 
at the interface of the electrode surface and the solution. 
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Figure. 7.5. Representative cyclic voltammograms (3rd cycle) from scanning electrodes modified 
with gold core-shell nanofibers in 0.1 M NaOH. Scan rate 5 mV/s. 
          
Figure. 7.6.  Representative cyclic voltammograms (3rd cycle) from scanning electrodes modified 
with gold core-shell nanofibers in 0.1 M NaOH and 0.1 M NaOH with 0.1 M ethanol. Scan rate 5 
mV/s. 
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Figure. 7.7.  Representative cyclic voltammograms (3rd cycle) from scanning electrodes modified 
with gold core-shell nanofibers in 0.1 M NaOH and 0.1 M NaOH with 0.1 M methanol. Scan rate 
5 mV/s. 
 
After initial analysis of the base surface electrochemistry of the Au core-shell 
nanofibers structures, cyclic voltammetry was applied in the presence of fuel to study fuel 
oxidation. Figure 7.6 and Figure 7.7 show representative cyclic voltammograms of ethanol 
and methanol oxidation at the Au plasmonic electrodes in 0.1 M NaOH, respectively. The 
plasmonic electrodes have almost 400 mV lower overpotential for ethanol oxidation than 
single crystal gold, polycrystalline gold, or gold grid electrodes 166,167.  This phenomenon 
is resulting from different shape and size of the gold nanomaterial, since individual gold 
nanofiber has previously shown a lower ethanol oxidation potentials as well. 217,218 In the 
absence of light, methanol electro-oxidation produces current densities which is an order 
of magnitude lower than ethanol electro-oxidation on the plasmonic structures. This is the 
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evidence that methanol interacts weakly with the plasmonic structures with a poor 
oxidation kinetics. However, in the presence light, both methanol and ethanol show an 
increase in peak current densities. Methanol shows a 1.61-fold increase in peak current 
density and ethanol shows a 2.07-fold increase in peak current density. Moreover, the 
current decays in the dark with each subsequent CV scan (~10% per scan), but the decay 
does not occur during illumination. This suggests the generation of passivation one the 
surface of gold in the dark. It is elucidated that illuminationn can prevent passivation with 
corresponding electrochemical performance loss due to hot electrons affecting adsorbate 
stability or localized heating. 
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Figure. 7.8. Differential pulse i-t curve from electrodes modified with gold core-shell nanofibers 
in 0.1 M NaOH with increasing ethanol concentrations. Black and orange segments represent the 
current measured in the dark and light, respectively. Each segment represents 300 seconds except 
the last one, 0.5 M ethanol in the light, which is 1700 seconds. 
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7.5 Differential pulse amperometric analysis of electrode surface cleaning 
 
Differential pulse amperometry (DPA were performed to monitor the current 
change with increasing fuel concentration to study the effect of light on passivation. The 
experiments were measured from 0.1 M NaOH (0 M fuel) in the dark for 300 s following 
300 s in the light. Fuels were kept added gradually in the dark until the concentration 
reached 0.5 M during measurement. The last segment, the sample was kept in 0.5 M fuel 
in the light until the current reached a stable value. The current differences measured 
between 0.3 V and 0 V were plotted in Figure 7.8. A linear fitting was applied to the data 
set of the last 50 to 150 seconds of each segment. The obtained slope is the current change 
rate which is illustrated in Figure 7.9. The decrease of current in the dark is corresponding 
to the passivation for both methanol and ethanol. While the increase of the current under 
illumination indicate that the regeneration of the electrode surface. The percentage of 
increase of decrease is higher for ethanol than methanol due to the stronger interaction 
between ethanol and gold surface. This differential pulse amperometry data shows that the 
plasmonic effect decreases passivation and regenerates the electrode surface without a 
memory effect.  
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Fig. 7.9. Current change rate of each electrode with different fuel concentrations in the dark and 
in the light for ethanol (top) and methanol (bottom). 
 
Passivation has been a problem in electrocatalysis for a variety of systems (i.e. 
carbon monoxide passivation of platinum catalysts), especially for carbon-based fuel 
oxidation. We demonstrated that the core-shell Au nanofibers electrode was able to reduce 
the passivation during the fuel oxidation and also enhance methanol and ethanol oxidation 
in the electrocatalysis by 1.61 and 2.07 fold respectively. In the future, the electrochemical 
performance of the samples can be further optimized by adjusting the thickness of the core-
shell Au nanofibers. Our findings show that plasmonic core-shell structure can be utilized 
to enhance the electrocatalysis and improve stability by minimizing effect of surface 
passivation of the electrocatalyst with no memory effect.  
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7.6 Conclusion 
Passivation has been a problem in electrocatalysis for a variety of systems (i.e. 
carbon monoxide passivation of platinum catalysts), especially with carbon-based fuel 
oxidation. This thesis work shows that combining a gold electrocatalyst with nanofiber 
structure that form a compact plasmonic material results in a decrease in passivation during 
alcoholic fuel oxidation when illuminated. These gold “plasmonic electrodes” enhance 
methanol oxidation and ethanol oxidation electrocatalysis by 61% and 107% fold, 
respectively. The thickness of these plasmonic samples can be controlled to optimize the 
electrochemically active surface area. Our experimental results show that plasmonic 
technology can be utilized to enhance electrocatalysis and improve stability by minimizing 
the effect of surface passivation of the electrocatalyst with no memory effect. Although 
noble metals (Au and Ag) are often used to achieve proof-of-concept nanostructures for 
potential applications to biosensing and electrocatalysis. They are still suffering from 
severe problems when being integrated to Si-platform devices. This creates a urgent need 
for the development of alternative plasmonic materials that we will introduce in the next 
chapter.  
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Chapter 8 
8. Tunable ISO film for near-IR/mid-IR plasmonic applications 
8.1 Introduction of alternative MIR plasmonic materials 
Noble Metals (Au or Ag) have traditionally been selected as the plasmonic building 
blocks of a variety of plasmon based devices. Plasmon behavior is relying on the collective 
oscillations of free electrons in the material, and these metals have been suitable candidate 
the due to their abundant free electrons. However, because of high extinction losses in the 
visible and near-infrared spectral ranges (NIR), limited optical permittivity tunability, and 
lack of compatibility with the widespread silicon technology, conventional noble metals 
face a severe limitation for certain device implementations. 
Transparent conductive oxides (TCOs), widely used as electrodes for a variety of 
devices, have found increasing attention as an alternative plasmonic material because of 
their advantages over noble metals. 219-225 A comparison of the optical properties between 
these alternative plasmonic materials and conventional metals is shown in the figure 8.1.  
 
Parts of this chapter were published as:  
R. Zhang, R. Wang, N. F. Yu and L. Dal Negro "Tunability of indium tin oxide materials for mid-
infrared plasmonics applications" OPT MATER EXPRESS, 7, 2727 (2017) 
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Figure 8.1: Comparison of optical properties of alternative plasmonic materials with conventional 
metals. (a) Real and (b) imaginary part of permittivity of transparent conductive oxides (TCO) 
and transition nitrides. The losses in TCOs are a few times smaller than those of conventional 
metals, while the losses of nitrides are comparable to metals in the optical rang. 226 
 
The optical properties of these materials greatly depend on carrier concentration 
and carrier mobility. For plasmonic applications, their carrier concentration needs to be 
high enough so that the real part of dielectric permittivity become negative. At the same 
time, it need to be tunable to allow carrier concentration to vary with different fabrication 
parameters. Higher carrier mobility can lead to lower material losses. Interband transitions 
will result in optical losses that are highly non-desirable. The map of material parameters 
for typical plasmonic materials is shown in Figure 8.2. Ideal materials for plasmonic 
applications should feature small interband loss, high carrier mobility, which corresponds 
to the materials sitting in the bottom left of the map.  
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Figure 8.2: The map of material parameters (i.e. interband loss, carrier concentration and carrier 
mobility) of plasmonic materials. Ideal plasmonic material should have small interband loss and 
high carrier mobility. 
 
Resulting from non-stoichiometric nature, the optical properties of TCOs 
significantly depends on their deposition conditions.228 For instance, TCOs have 
demonstrated tunable optical dispersion by controlled deposition temperature. Taking 
advantage of CMOS compatibility and optical tunability with reduced optical losses, TCOs 
have found widespread applications in plasmonics, metamaterials and nonlinear optics. 
With functions including negative refraction, single photon sources, perfect absorption of 
light, spontaneous emission control, and nonlinear generation enhancement.228 
Among all kinds of TCOs, Indium tin oxide (ITO) is extremely important for its 
high electrical conductivity and transparency, which generates great attention for its use as 
an alternative plasmonic material for various of devices. 229-231 Particularly, our group has 
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recently demonstrated that post-deposition annealing in A2 or N2 atmosphere can tune 
ITO’s optical and structural properties with reduction in the optical losses compared to Au 
and Ag in the NIR. Moreover, the permittivity of ITO can be flexibly engineered to obtain 
the Epsilon-Near-Zero (ENZ) behavior across NIR to MIR range. We demonstrated that 
this ENZ behavior can enhance nonlinear optical generation process and enable plasmonic 
resonances in the mid-infrared by fabricating periodic arrays of ITO. Plasmonic TCOs also 
has been shown as a great success in the application of electro optical modulation, 
switching, light–matter interaction, and negative refraction. Besides ITO, other indium 
oxide (InOx)-based materials are also attracting extensive attention as conductor and high-
performance semiconductor switches in panel displays. Recently, Nobuhiko Mitoma et al. 
found that In2O3 with lightly doped silicon (ISO) will have a phase transition from an 
amorphous to a polycrystalline thin film with thermal annealing.233 However, no further 
study was conduct on the optical property in the NIR and MIR range.  
In our work, we developed an alternative, Si-compatible, and largely scalable 
plasmonic materials across the NIR and MIR based on ISO thin films followed by thermal 
annealing treatments in nitrogen (N2) or oxygen (O2) atmosphere. Sputtering targets of 
In2O3 and SiO2 and the sputtering targets and substrates in the sputtering system were 
separated by about 160mm. The InSiO thin films were formed by DC (Direct current 
sputtering) power at 105 W for In2O3 and RF (Radio Frequency) power at 56 W for SiO2 
under an Ar flow. We characterized the as-deposited and annealed thin films using Fourier 
transform infrared (FTIR) spectroscopy and MIR ellipsometry to demonstrate that 
tunability of their optical properties. In addition, we will fabricate two-dimensional (2D) 
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periodic arrays of ISO discs by electron-beam lithography (EBL) and experimentally 
demonstrate their size-dependent plasmonic scattering resonances.  
 
8.2 Permittivity Model 
Since ISO and ITO are both doped Indium oxide materials, which have been 
reported as transparent conductors, the near-IR permittivity ε(ω) of ISO can be adequately 
described by Drude-Sommerfeld model:232 
𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔) =  𝜀∞ −
𝜔𝑝
2
ω2 + 𝑗𝛾ω
 
here ε∞ is the background permittivity (high frequency limit of ε), ωp is the plasma angular 
frequency and 𝛾 describes the charge carrier collision rate, ε1 and ε2 can be experimentally 
inferred from ellipsometry which results in the optical losses inside the material. The 
plasma angular frequency can be expressed as: 
𝜔𝑝
2 =
𝑛𝑒2
𝜀0𝑚∗
 
where e is elementary charge, n is the carrier concentration, m* is the effective mass of 
electron, m0 is the free electron mass), and ε0 is the permittivity of free space. In order to 
achieve negative permittivity, a free career concentration of the order of 1020-1022 cm−3 is 
needed. The wavelength at which the real part of the permittivity approximately zero is 
known as the epsilon-near-zero (ENZ) wavelength, λENZ. Typically, the intrinsic doping of 
ISO is large, so the challenge is to reduce the doping level so that the ENZ point can shift 
(8.1) 
(8.2) 
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to the near or mid infrared. Particularly, by systematically studying the optical dispersion 
of these ISO thin films deposited by magnetron sputtering, we show that post-deposition 
annealing in N2 atmosphere allows for tuning the λENZ well into the IR spectral range.  
 
8.3 Fabrication of ISO thin film and characterization 
ISO thin films were deposited using RF magnetron sputtering using an Angstrom 
system, with an In2O3 (99.99% purity) target and SiO2 (99.99% purity)) in Ar atmosphere 
at room temperature. The sputtering power was varied and the base pressure was 1.0 × 
10−7 Torr and the Ar gas flow was kept at 10 sccm at 5 mTorr. The thickness of all the 
fabricated ISO samples was kept constant at 350 nm, irrespective of the deposition 
conditions. We conducted post-deposition annealing using a rapid thermal annealing 
furnace, which resulted in a large tunability of the measured optical dispersion of ISO in 
the NIR and mid-IR spectra. After annealing, the film thickness remains the same 
(thickness error: ± 10 nm), as verified by spectroscopic ellipsometry and surface 
profilometry. Annealing processes were performed in N2 or O2 gas atmosphere under 
atmospheric pressure at temperatures from 150 to 750 °C for 15 min. Table 1 summarizes 
the annealing conditions for all the ISO samples. 
The infrared optical properties of the ISO films were measured using a Fourier 
Transform Infrared (FTIR) spectrometer (Bruker Scientific Vertex 70v), which is equipped 
with a TE cooled InGaAs detector (covering λ = 1 to 2.5 μm) and a liquid-nitrogen-cooled 
mercurycadmium-telluride detector (covering λ = 2.5 to 16 μm). The reflectance spectra of 
the thin films were measured using a Au coated silicon wafer as a reference.  
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Figure 8.3 FTIR measurement of ISO annealed at different temperature 
 
8.4 Tunability Optical property of ISO film from the near-IR to mid-IR spectral 
range 
 
Figure 8.4. Dispersion curve of 350 nm ISO at different annealing temperature.   
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In order to demonstrate the tunability of the λENZ of the ISO thin films from the 
near-IR to the mid-IR spectrum, the measured permittivity data of the samples were 
deposited and annealed at different temperatures. These samples feature λENZ in the range 
between 1734.6 nm to 5789.4 nm, demonstrating that the ENZ condition can be largely 
tailored by post-deposition thermal annealing processes. Notice that the as-deposited 
samples and the samples annealed at 650 °C and 450°C for 15 min in N2 show the ENZ 
condition in the near- IR range (1700-2500 nm). Samples annealed in N2 at 250 °C and 250 
°C for 15 min demonstrate a tunable ENZ condition in the mid-IR range (2500-5800 nm). 
While Samples annealed in N2 at 250 °C and 150 °C at 15 min demonstrate a tunable ENZ 
condition in the long-IR range (longer than 4300 nm). The annealing conditions of ISO 
samples in Figure. 8.4 are summarized in Table 8.1 and figure 8.5. 
Annealing temperature(°C) 250 450 500 550 650 750 
λ ENZ （nm） 5789 2586 2091 1806 1735 2043 
ε2 at λ ENZ 5.02 2.35 1.22 0.82 0.78 1.04 
 
Table 8.1. ENZ wavelength at different annealing temperature and absorption coefficient at the 
ENZ condition.  
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Figure 8.5: λEnz (black curves on left axis) and ε2 at λEnz (blue curves on right axis) as a function 
of the annealing temperature. 
 
The effect of annealing on the electrical properties of ISO has been previously 
reported. Here we focus on understanding the role of the annealing temperature effects on 
the dispersion properties of ISO by performing post-deposition annealing in N2 atmosphere 
between 250 to 750 °C for 15 min, as summarized in Table 8.1. Figure 8.5 shown the λENZ 
and ε2 at λENZ change with different annealing temperature. As the annealing temperature 
increases, the optical losses decrease and the λENZ decrease from 5800 nm to 1700 nm.  
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Figure 8.6. The dispersion curve of ISO annealed in N2 s at 650 °C for 15 min and in O2 at 250°C 
for 15 min. 
 
It has recently been demonstrated that ISO thin films will have a phase 
transformation from amorphous polycrystalline via post process annealing.233 And the 
conductivity will increase due to the structural distortion and desorption of weakly bonded 
ionic O in the vicinity of VO sites. This is because the weakly bonded O ions in the vicinity 
of VO are negatively charged. The desorbed O2– would increase the positive charge on Si4+ 
because of the coulomb repulsion. The increase of the charge carrier density would result 
in the conductivity, thus shifting the λENZ from the near-IR (when annealed in N2) into the 
mid-IR spectrum. On the contrary, when annealed in the Oxygen, we observe a slight 
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increase of the ε1 and decrease and decrease of ε2 which can corresponding to the reduction 
of the Vo that lead to decrease of the charge current density.  
 
8.5 Structure property of ISO  
 
 Figure 8.7: AFM measurement of the 100 nm ISO thin film on Silicon before (a) and annealing 
at 650 °C for 15 min (b) 
 
RMS(nm) As deposit Annealed 
1 0.438 0.824 
2 0.57 0.913 
3 0.678 0.909 
Average 0.562 0.882 
Std 0.120 0.0503 
 
Table 8.2. The RMS measurement on 100 nm ISO thin film on Silicon before (a) and annealing at 
650 °C for 15 min (b) Three Spots on the samples before and after annealing were measured for 
each condition. 
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The morphology of 100 nm ISO film have been characterized by the Atomic force 
microscope. Root mean square (RMS) roughness were calculated from 3 different samples 
using AFM scans.   The roughness of ISO thin film samples is all under 1 nm for as deposit 
and annealed sample. It is shown a good smoothness which is ideal for the further 
nanofabrication.  
 
Figure 8.8. X-ray diffraction for a set of ISO samples with thickness 350 nm on Si Substrate 
annealed at different temperature. (b) Representative XRD spectra of ISO with different 
annealing temperature. Numbers indicate Miller indices for cubic bixbyite lattice configuration. 
 
X-ray diffraction (XRD; Bruker D8 Discover) measurements of InSiO films were 
performed. The XRD spectra obtained for the InSiO film annealed at 150 °C exhibited no 
sharp peaks, which is corresponding to an amorphous state. Upon annealing at higher 
temperatures (higher than 350 °C), the XRD spectrum starts to show sharp peaks, 
indicating phase transition from amorphous to crystalline state. The XRD peaks are 
corresponding to the 211, 222, 400, 440, crystal planes of cubic bixbyite In2O3. Bixbyite 
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In2O3 has individual In and O atoms on body centered cubic cites. While there was no SiO2 
XRD peak shown in the spectrum, which is the evidence that Si atoms were soluble in the 
In2O3 matrix.240-236 
 
 
Figure 8.9. The EDX (Energy-dispersive X-ray spectroscopy) of ISO thin film (350 nm) deposit 
on CaF2 without and with annealing at 650 C for 15 min.   
 
The element dispersion was investigated with EDX (Energy-dispersive X-ray 
spectroscopy) on the 350 nm ISO thin film on the CaF2 substrate with and without 
annealing. It is shown in the figure 8.9 that the silicon is slightly doped in the In2O3 and 
there is no significant difference between the as deposit sample and annealed sample. The 
slight increase of the In3+ concentration could be corresponding to the shrinkage of the 
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lattice which has been reported, and the Increase of Si and decrease of O could be due to 
the desorption of weakly bonded O2- .233 
 
8.6 Conclusion 
In this chapter, we demonstrate the tunability of near-field plasmonic resonances 
from 1.7 to 5.0 µm as a function of different annealing temperatures. Future work based 
on this materials platform will address the fabrication and characterization of 2D arrays 
composed of ISO micro-disks in order to exploit the large near-field enhancement and 
tunability of plasmon resonances for biosensing in the mid IR region. The work reported 
in this thesis pave an avenue of developing Si-compatible plasmonic materials with wide 
tunability across the infrared spectrum for metamaterials and sensing devices. 
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Conclusions and future work: 
 
In this thesis work, we have introduced the idea of using facile electrospinning 
technology to fabricate cellulose nanofibers as fully biocompatible platform that 
incorporates plasmon-enhanced active systems in the form of metal nanoparticles and 
emitters inside nanofibers. Following this approach, we demonstrate plasmon-enhanced Si 
nanocrystals emission in nanoscale fibers and enhanced random lasing by doping cellulose 
nanofibers with metal nanoparticles of different sizes, which is promising for in-vivo 
biosensing and bioimaging applications. In addition, in combination with top down 
nanodeposition we are able to fabricate core-shell Ag nanofibers for surface enhanced 
Raman scattering (SERS) with stable signals enhanced by the random network morphology 
in a novel resonant medium. We also demonstrated their applicability to bacterial sensing 
and strains identification based on the core-shell Ag nanofibers. We have also introduced 
methods for encapsulation of EB molecules and plasmonic NPs within the biodegradable 
electrospun polyester nanoparticles suspended in the solution, which holds the potential for 
in vitro bioimaging for the TBI detection. Furthermore, we developed Gd doped PCL/PEG 
core-shell nanoparticles around 100 nm in size and with no aggregation in the PBS solution. 
Preliminary results based on Inversion recovery measurements demonstrate MRI activity 
associated with our novel functional nanoparticles. 
In our future work, we will increase the doping level of Gd in the core-shell 
nanoparticles with controllable morphology and structure for incorporation with plasmonic 
materials and active media. We will further explore MRI assisted light emitting and random 
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lasing in polymer nanostructures enhanced with plasmonic particles for TBI optical 
detection in the early stage. This will be realized via the detection of enhanced emission of 
the EB molecules inside biodegradable polyester nanoparticles containing metal NPs in 
solution. In collaboration with the Team of Prof. Lee Goldstein at the medical campus, the 
MRI assisted plasmon-enhanced active nanoparticles will be further applied for the TBI 
detection in vitro based on the dye photoluminescence, plasmon scattering, random lasing. 
The work sets the foundation for the design and optimization of a novel class of plasmonic 
active systems based on electrospinning of nanostructures that are fully biocompatible. The 
ability to demonstrate scalable and inexpensive plasmonic nanostructures and resonant 
materials that are suitable for integration with biomedical devices is the overall objective 
of this thesis work.  
For what concerns future study related to the nanofabrication of active and passive 
nanostructure based on the novel ISO materials we plan to develop a specific process flow 
similarly to what we have used to demonstrate high quality TiO2 thin films by sputtering 
as shown in the figure 9.1 below.  
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Figure 9.1 SEM micrograph of fabricated 300 nm TiO2 thin film on silicon and experimentally 
measured optical constant determined from ellipsometry data. (c,d)   
 
Using the process flow shown in Figure 9.2a, we were recently able to fabricate 
high quality TiO2 nanoparticle arrays with periodic and aperiodic geometries on silicon as 
the ones reported in figure 9.3 what we reported the figure 9.3 below.  
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Figure 9.2 Fabrication of TiO2 Vogel spiral arrays: a) nanofabrication steps is sketched. The 
process begins with the sputtering deposition of TiO2 thin film. Then, PMMA is coated and 
Electron beam lithography is operated. In the third step, Cr is deposited on PMMA and then 
PMMA is removed. After Reactive Ion Etching of TiO2, arrays formation is completed. b) 
Optical parameters of the deposited TiO2 measured using Ellipsometry and plotted in the 
wavelength range of 400 nm – 800 nm.  c) SEM images of TiO2 vogel spiral array on YAG. 
Diameter of the pillar is 410 nm and height of the pillars are 330 nm. d) Corresponding dark-field 
images of the array fabricated Vogel spiral is picturized and e) scattering intensity spectrum is 
plotted. The peak wavelength of the emission is 550 nm. 
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Figure 9.3 SEM picture showing our preliminary result at fabrication of aperiodic array of TiO2 
nanoparticles of varying diameter and separation from 130 nm to 450 nm   
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